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Abstract 
This study combines passive directional dust monitoring methods with ICP-MS 
analysis, binary mixing modelling and geostatistical modelling to generate dust 
dispersion maps, enabling a record of Air Pollution Control residue (APC) dust 
dispersion on and around a hazardous waste landfill site for a complete calendar year. 
This is therefore, the first study of nuisance dust dispersion on such a scale, using 
these methods, and the first time these methods have been used in conjunction to 
accurately visualise dust dispersion data over time. The proportion of APC in fugitive 
dust at and around the Wingmoor Farm hazardous waste landfill site near Bishop’s 
Cleeve, Gloucestershire, UK, was quantified and mapped using passive directional 
samplers, which were deployed both on the site and in farmland to the north and north-
east. Samples from 19 monitors, collected fortnightly over the year, were analysed for 
Absolute Area Coverage (AAC) and Effective Area Coverage (EAC) prior to HF and 
HNO3 digestion and analysis by ICP-MS. Following geochemical characterisation of 
the two key “end-members”, background soils (sand and gravel, and clay) and APC, 
Ca/Fe and Mn/Pb mixing models were developed providing a means of determining 
the proportion of APC in each sample. Sample proportions derived from each mixing 
model were mapped using both variograms and kriging, supported through ISATISTM, 
to build a model of both general dust and APC dispersion over a square kilometre for 
the year. Meteorological conditions and movements on site were also recorded and 
their relationships with dust levels in the surrounding area analysed.  APC was found 
at off-site monitoring locations throughout the year, however at far lower levels than 
previously assumed by prior modelling exercises. The maps presented a visualisation 
of dust dispersion on- and off-site, demonstrating the viability of this methodology for 
modelling both fugitive general dust, and, in this case, APC. In combination with the 
other data collected on-site, factors affecting the dispersion of both general dust and 
APC were identified. The development of this modelling and mapping method provides 
a novel, robust and cost-effective technique for both representing and understanding 
the dispersion of APC, delivering a useful tool for practical application by industry, local 
government and in the field of Environmental Forensics. 
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1 Dust monitoring: definitions, legislation and methods 
1.1 Introduction 
This study investigates air pollution control residue (APC) dust dispersion at Wingmoor 
Farm, a hazardous waste landfill site in Gloucestershire. The aim of this study is to 
assess whether directional passive monitors are suitable for the collection, analysis 
and mapping of dust dispersion over a calendar year. 
Chapter 1 sets the context for this study by introducing dust in general, its definitions 
(from fine particulates to nuisance dust) and a history of particulate matter legislation. 
Of importance to this study and discussed within this chapter are the conditions 
affecting dust generation and dispersion. This study uses two particular 
measurements to assess nuisance dust levels, and this chapter discusses these along 
with alternative measurements currently in use. Recent Government guidance on 
nuisance dust control is also reviewed. 
 
1.2 Dust definitions 
Dust, a constituent of ambient air, is defined by the British Standards (BS) 6069 (Part 
1) (1994) as small solid particles < 75 µm (micrometres) in diameter. The Department 
for Food, Environment and Rural Affairs (DEFRA, 2007) state that particles with a 
median aerodynamic diameter of 10 µm, commonly known as PM10, have the potential 
to affect human health following inhalation and ingestion. This measurement is 
therefore, a key convention assessed in National Air Quality Standards (NAQS). The 
three critical particle diameters have been defined by the Joint Research Centre of the 
European Commission (EN481, 1993) as follows; 
 Respirable fraction (particles reaching the alveoli) – particles with a median 
diameter of 4.25 µm and a geometric standard deviation of 1.5 µm; 
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 Thoracic fraction (particles that pass the larynx) – particles with a median 
diameter of 11.64 µm and a geometric standard deviation of 1.5 µm 
(approximates to PM10); 
 Inhalable fraction (particles inhaled through the nose and mouth) – particles up 
to a median diameter of 100 µm. 
Nuisance dust is of primary interest to this study and this term describes particles with 
an aerodynamic diameter greater than 10 µm (ODPM, 2005). It does not necessarily 
refer to health impact as mentioned above, but primarily refers to the visual and 
aesthetic impact of dust.  
 
1.2.1 The development of particulate matter legislation 
Over several centuries public concerns about the health and visual impacts of dust 
generated by industry in the UK have lead to the implementation of legislation for the 
control and minimisation of dust emissions 
The Alkali Work Act of 1863 was implemented to restrict the output of hydrogen 
chloride from the manufacturing of sodium carbonate in the UK in response to public 
health concerns. It required cessation of 95% of these emissions with the remaining 
5% diluted before release. Since then, air pollution and the generation of 
anthropogenic dust from combustion sources has been controlled to some extent in 
the UK with the Alkali Work Acts of 1874 and 1906 (Beattie et al., 2001) and the Alkali 
Order of 1958.  
The first Clean Air Act (1956) was passed in response to human health risks 
associated with airborne particulate matter, primarily generated by the combustion of 
fossil fuels. These risks were highlighted by several episodes of poor air quality, most 
notably the great smog of 1952 during which more than 4000 Londoners died 
(Whittaker et al., 2004). This legislation allowed local authorities to implement smoke 
control areas in which only authorised fuels such as electricity, gas, anthracite and oil 
were to be used, reducing particulate levels in these areas. The second Clean Air Act 
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(1968) then required local authorities to designate smoke control areas if particulate 
levels were high. 
The Clean Air Acts of 1956 and 1968 dealt with air pollution in general and did not 
address the specifics of dust and particulate matter sizes. They did however provide 
the foundation for the development of nuisance dust definitions, monitoring methods, 
and research into the health effects of finer particle sizes such as PM10, PM2.5 and PM1 
(Beattie et al., 2001). 
No legislation has been created specifically for the control and / or minimisation of 
nuisance dust. However some assessment criteria have been developed (e.g. 
National Planning Policy Framework (NPPF), 2012; Minerals Industry Research 
Organisation (MIRO), 2011; Institute of Air Quality Management (IAQM), 2012, and 
British Standard monitoring methods (such as the BS1747 – part 1 deposit gauge) did 
exist (Vallack and Shillito, 1998), although these have now been withdrawn as of 2011. 
This study could help to inform the development of a new British Standard. 
 
1.2.2 Nuisance dust definitions 
The IAQM ‘Guidance on the Assessment of the Impacts of Construction on Air Quality 
and the Determination of their Significance’ (2012) makes a distinction between the 
terms ‘annoyance’ and ‘nuisance’ when referring to dust. Nuisance is a specific legal 
term in environmental law, relating to the “duty on a proprietor of land not to use his 
land in an unreasonable way so as to prejudice the enjoyment of the land of another” 
(Environmental Protection Act, 1990). Annoyance is defined in a similar way, but refers 
to complaints of loss of amenity that are not sufficient to constitute a legal problem. In 
this document, ‘nuisance’ will be used to refer to both distinctions. ‘Nuisance dust’ is 
therefore, a relative and subjective term. For example, Williams and Bird (2003) 
concluded that residents in Wimbledon, a mostly affluent suburb of London, were more 
disturbed by road traffic dust than were residents in the urban area of Wood Green, 
even though urban areas are known to experience higher road dust levels than their 
suburban counterparts. Sources of nuisance dust can therefore, be a contentious 
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issue in communities, and can lead to fear over the potential human health impacts 
(Coppin and Montgomery, 1996). 
The aesthetic appearance of a surface can be significant depending on how it is 
altered by dust falling upon it (Arup Environmental 1995). For example, pale dust 
falling on a black surface will have a greater visual impact than pale dust falling on a 
pale surface (Arup Environmental 1995). Likewise, dust falling on a glossy surface is 
likely to have a greater visual impact than that falling on a coarse / dull surface (Brooks 
and Schwar, 1987) and as such is more likely to result in nuisance.  
 
1.3  Natural and anthropogenic dust generation  
Dust is generated in two ways; naturally and anthropogenically (Shaw et al., 2008). 
Wind erosion of exposed geological features, and the suspension of fine grained 
particles accounts for over 3.66 x 108 t of dust annually (Pye, 1987). Other forms of 
erosion such as fluvial action and chemical weathering also generate particles small 
enough to be considered dust (Pye, 1987).  
Dust is generated anthropogenically through the perturbation of natural environments, 
burning of fuels, and industrial activity (Goix et al., 2011). Industry in general is 
responsible for dust contributions to local environments (Abdul-Wahab, 2006; 
Estrellan and Iino, 2010; Stettler et al., 2011). According to Pye (1987) this contribution 
is approximately 112 x 108 t per annum.  
Nuisance dust emissions from industrial complexes are more likely to generate 
concerns in properties within 100 m, but may have an effect up to 1 km from the site 
(NPPF, 2012). Indeed, several studies have found particles greater than 10 µm 
travelling further than 100 m (McTainsh et al., 1997; Dong et al., 2010). 
Across the UK, crop and bare fallow land use comprises almost 5 million hectares 
(DEFRA, 2012). This leaves topsoil exposed for a significant part of the year during 
months of ploughing, seeding and the early stages of crop growth, providing a large 
surface area for dust generation. The UK as a whole has an area of 23.7 million 
hectares (Home, 2009); therefore, crop and bare fallow land comprise approximately 
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22% of its land. Mines and quarries account for only 0.9 % of land in the UK 
(Bloodworth et al., 2009). However, relative proportions of dust emissions from these 
sources have not been quantified. 
Vehicle movement also contributes significantly to the amount of coarse particulate 
matter (> 20 µm) in the environment. Garg et al. (2000) found that 35% of brake pad 
mass lost was as particulate matter. Sanders et al. (2003) calculated a loss emission 
factor of 13 mg / mile for particulate matter brake wear debris. Dust may also be re-
suspended and entrained in the air flow generated by passing vehicles after initial 
settlement (Al-Chalabi and Hawker, 1997; Gertler et al., 2006) which can act as a 
means of dust dispersion along roadsides. Consequently, high dust levels could be 
expected along unmade haul roads in dry conditions. 
Although dust can be dispersed by vehicle movement, its propagation is predominantly 
influenced by the weather, as is discussed in the following section. 
 
1.3.1 Meteorological influences on dust dispersion 
Particle size, shape, and inter-particle forces (in particular cohesiveness (Petavratzi et 
al., 2007)) all have an effect on dust dispersion, as do their interactions with the 
environment. As noted above, particles are initially eroded due to weather conditions 
before being propagated and dispersed, the rate of which is affected by factors such 
as wind speed and rain. The range of different parameters affecting dust dispersion, 
from particle size to wind speed, contributes to the complexities of predicting dust 
generation and propagation. 
Figure 1.1 shows the maximum distance a quartz particle can travel depending on its 
size. The calculations are based on a mean wind velocity of 15 ms-1 and a coefficient 
of vertical exchange (the degree of vertical air mixing (turbulence)) of between 103 and 
107 cm2 s-1 (Tsoar and Pye, 1987). Typically, moderate wind storms generate a 
coefficient of vertical exchange between 104 and 105 cm2 s-1 (Pye, 1987). 
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Figure 1.1 - Maximum distance travelled by different quartz particle sizes. Note that the 10x within 
the Figure is the coefficient of vertical exchange (Pye, 1987) 
 
It is often difficult to assess the movement of dust over large distances, via airborne 
pathways, from a source to a sink due to dispersion and dilution of the material of 
interest. Reasons for this include the presence of topographic surface features such 
as cities (macroscale) and hedges (microscale) which affect air flow  by generating 
turbulence (Ni, 1997).  
Wind speed is also significant. Figure 1.2 shows that energy provided by wind speed 
can cause particles of varying size to either creep (be blown along the ground), saltate 
(be aerially dispersed over small distances), or be suspended and entrained into the 
air flow (Leenders et al., 2005).  
 
Figure 1.2 - Dust movement according to particle size (Pye, 1987) 
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A report prepared by the Quality of Urban Air Review Group (QUARG, 1996) stated 
that wind speeds in excess of 5.4 ms-1 were required to erode, suspend and disperse 
particulate matter from exposed stockpiles. The National Planning Policy Framework 
(NPPF, 2012) states that particles larger than 30 µm will generally deposit up to 100 
m from the point of origin, and particles between 10-30 µm will deposit somewhere 
between 200m and 500m from the source, although the NPPF gives no reference for 
this information. These deposition distances differ considerably from those stated by 
Pye, (1987) (Figure 1.2). It should be noted however that the distance at which 
nuisance dust can travel (i.e. a quantity of dust that is enough to cause nuisance) is 
different to the distance a particle of dust can travel (i.e. Pye, 1987). Furthermore, 
particle size and deposition distance must be viewed in context as a guide; in 
extremely windy conditions particles may be transported further than 500 m and during 
tranquil times particles may not disperse at all unless agitated, suspended and 
entrained in some way (Leenders et al., 2005). For example, de la Rosa et al., (2010) 
apportioned a proportion of PM10 dust found in Andalucía, Southern Spain to dust 
originating in Northern Africa. Similarly, Dall’Osto et al, (2010) collected and identified 
Saharan sand particles as far away as Southern Ireland. Both examples demonstrate 
that dust generation is not only a local issue but, if dust generation is significant 
enough, can be responsible for apparent dust events thousands of miles away. 
According to Arup Environmental (1995) wind-blown and re-suspended dust can be 
suppressed by 0.2 mm of antecedent rainfall, although they give no supporting 
reference for this statement. Engelstaedtder et al., (2006) identified two key ways in 
which rainfall reduces dust levels: 
 Increased moisture reducing dust available for dispersion; 
 Reducing atmospheric dust levels by removing dust from the air. 
Conversely, evaporation can lead to the drying-out of soils, providing the conditions 
necessary for dust suspension, entrainment and dispersion to occur. Evaporation is 
influenced by wind speed, air temperature, atmospheric humidity and water available 
in the soil (Bonsu, 1997). In supporting the position of Bonsu (1997) and as shown in 
Figure 1.3, Strong et al, (2011) found that the frequency of dusting events in the Lower 
Lake Eyre Basin, Australia increased with temperature.  
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Figure 1.3 - Dusting events seemingly correlating with the increase and decrease in temperature in the Lower Lake Eyre Basin, Australia (Strong et 
al, 2011). 
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Following impaction and compaction of particulates by raindrops and subsequent 
evaporation, crusts may form on soils (Hu et al., 2012) reducing the amount of dust 
available for entrainment and dispersion. However, interrill erosion (i.e. erosion due to 
rain-splash) of soils may make available particles that were previously inaccessible 
due to crusting (Gumiere et al., 2009). 
The amount of dust generated is important in assessing its potential to become a 
nuisance. A number of measurements have been developed to quantify nuisance dust 
levels and these are detailed in the following section. 
 
1.4 Nuisance dust measurement 
There are four units of measurement used for nuisance dust assessment; soiling units 
(SU), mass deposition rate (mg m-2 day-1), effective area coverage (% EAC) and 
absolute area coverage (% AAC). The latter two measurements are used in this study. 
It should be noted that there has been very little research into the social impact of 
nuisance dust on communities, and hence nuisance dust measurements are not well 
developed. Nevertheless, those presented here represent the most well-defined.  
The nuisance potential of dust collected on a glass slide is measured in soiling units 
(SU) using a smoke stain reflectometer (Schwar, 1994). The reflectance obtained by 
the smoke stain reflectometer is subtracted from 100 to determine perceived nuisance 
measured in SU (Environment Agency (EA), 2004). Soiling units < 10 SU over a 
standard period (e.g. a week) are deemed acceptable; soiling units > 20 SU over a 
standard period are deemed unacceptable (EA, 2004). 
The rate of dust deposition is measured in mg m-2 day-1. Dust is seen to have the 
potential to become a nuisance (in England and Wales) if it exceeds the custom and 
practice threshold of 200 mg m-2 day-1 at a receptor (Vallack and Shillito, 1998; EA, 
2004). Nuisance dust complaints are not certain to arise following an exceedance of 
this threshold, nor are they certain to be avoided should this threshold not be reached. 
Bate and Coppin (1991), for example, suggested that complaints were likely to arise 
following a deposition rate of 80 mg m-2 day-1 for black coal dust. 
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Effective area coverage (% EAC), popularised by Beaman and Kingsbury (1981) is a 
measurement of the loss of reflectance of a white surface due to dust soiling, 
compared to an unsoiled reference area (Datson and Birch, 2006). This measurement 
was originally obtained using a smoke stain reflectometer (Beaman and Kingsbury, 
1981, 1984) and later using a sticky pad reader (Hanby, 2013). Complaint thresholds 
shown in Table 1.1 ranged from 0.2 % EAC per day where dust would be noticeable 
to 5 % EAC a day, where serious complaints would be expected (Beaman and 
Kingsbury, 1981; EA, 2004).  
 
Table 1.1 - % EAC complaint thresholds (Beaman & Kingsbury, 1981) 
 
 
Absolute area coverage (% AAC), first developed by Farnfield and Birch (1997), is the 
measure of total dust coverage irrespective of colour. “Source significance” thresholds 
(a measure of the potential to cause a nuisance) for % AAC have been developed by 
DustScan Ltd. As shown in Table 1.2 these range from a very low significance 
expected from an AAC of < 80 %, to very high source significance expected from an 
AAC of 100 %. 
 
Table 1.2 - % AAC source significance thresholds (DustScan Ltd 2004) 
 
 
% EAC per day Outcome
0.2 Noticeable
0.5 Possible complaints
0.7 Objectionable
2 Probable complaints
5 Serious complaints
Source Significance % AAC Value
Very Low < 80 %
Low 80 % - 95 %
Medium 95 % - 99 %
High 99 % - 100 %
Very High 100 % for 45°
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In this study, both % EAC and % AAC measurements are taken from flatbed scanner 
scans of dust samples, collected using the sticky pad method (Datson and Birch, 
2006). Methods of collection and sample preparation are explained in more detail in 
Chapter 4. Table 1.3 is a representation of how % EAC and % AAC are measured 
from a scan. 
 
 
Table 1.3 – % AAC and % EAC pixellation (DustScan Ltd, 2010) 
 
In Table 1.3 each column contains ten squares, representing pixels of a scanned 
image. Each shaded square represents dust coverage. The greyscale of dust is 
represented from 20 (light) – 100 (dark) per square. In the first column for example, 
three squares are shaded, representing 30 % AAC. EAC is calculated as a percentage 
of the maximum possible darkness per column. For example in the first column, three 
squares each show 20 % EAC, which is 6% of the total possible coverage for that 
column.  
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1.5 Dust assessment  
Unavoidable dust emissions must be controlled, mitigated or removed at source 
(NPPF, 2012). Any site where the generation of dust is likely to occur is required to 
conduct a dust impact assessment (DIA) and where necessary implement a dust 
action plan (DAP) to minimise the potential impact of dust on receptors (NPPF, 2012; 
IAQM, 2012).  
Four key stages exist within each DAP and each stage is detailed below. The scope 
of a DAP should be agreed with the local planning authority and each stage should be 
completed before site activity commences (NPPF, 2012).  
Stage 1: Establishing existing baseline conditions. This stage involves monitoring 
nuisance dust (amongst other important dust fractions e.g. PM10) over a period 
sufficiently long enough to identify seasonal change in natural conditions. Monitoring 
should continue during the operation of the site to assess dust levels with respect to 
the baseline study, and to monitor the efficacy of any dust suppression / mitigation 
measure put in place (MIRO, 2011). The monitoring system should also be designed 
to account for potential dust impacts from nearby industrial sources. Sensitive 
receptors such as schools, residential areas (NPPF, 2012), Sites of Special Scientific 
Interest (SSSI), and Special Areas of Conservation (SAC) should be identified and the 
effects upon them considered (Greater London Authority (GLA), 2006; IAQM, 2012). 
The potential effect of topography (e.g. hills, valleys, woodland) on dust movement 
should be explained, and the local climate assessed by analysing data from the UK 
meteorological office or local weather stations. 
Stage 2: Identifying site activities that could lead to dust emissions without mitigation. 
Prior to the establishment of a working site, potential on-site dust sources should be 
identified. The duration of activities that generate dust, and the potential of dust to 
become airborne should be identified and noted. 
Stage 3: Identifying site parameters that may increase potential impacts from dust. 
Collation of information from Stages 1 and 2 is required in order to understand how 
dust may disperse from the site and its potential impact on sensitive local receptors.  
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The most recent guidance on the development of a DIA highlights the risk of potential 
nuisance from four primary activities; construction, demolition, earthworks and track-
out (IAQM, 2012). Risk from earthworks and track-out are most applicable to this 
study, and are explained below. The risks defined are in relation to the potential impact 
from nuisance dust and should not be interpreted as a potential risk to health. 
Table 1.4 shows a risk matrix based on the potential soiling impact from a site with 
ongoing earthworks activities such as excavation, stockpiling, tipping and hauling, and 
its proximity to local receptors. Sites are categorised by dust emission class (large, 
medium and small) depending on the amount of dust they are likely to generate. For 
a site to belong to the large dust emission class it must meet one of the following five 
criteria: 
 Total site area > 10 000 m2; 
 Potential dusty soil type (e.g. clay); 
 5 – 10 heavy earth moving vehicles active at any one time; 
 Formation of bunds > 8 m in height; 
 > 100 000 tonnes of material moved (total). 
Table 1.4 – Risk categories from earthworks activities (IAQM, 2012) 
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If receptors lie within 50 m of a large emission class site, the site is described as high 
risk. If receptors lie between 50 m and 200 m away the site can be described as 
medium risk at most. A site with receptors more than 200 m away is deemed a low 
risk site (IAQM, 2012). 
Track-out is a term to describe the unintentional transport of soil off-site by vehicles 
(e.g. on wheels or on the undercarriage). Dust emission classes in the track-out matrix 
(Table 1.5) also range from small to large, and each has its own criteria. For a site to 
be considered a large emission class it must meet one of three criteria: 
 Over a hundred 3.5 t heavy duty vehicle trips a day; 
 Potentially dusty surface material (e.g. clay); 
 Unpaved road length >100 m. 
A large emission class site with receptors < 20 m away is considered high risk. 
Receptors between 50 m to 100 m from the site are deemed to be at low risk (Table 
1.5). 
Table 1.5 - Trackout soiling risk matrix (IAQM, 2012) 
 
 
Receptors may be exposed to re-suspended material as far as 500 m from a large site 
and as far as 50 m from a small site, as measured from the site entrance / exit (IAQM, 
2012). 
Stage 4: Recommending mitigation measures and site design modifications. The final 
stage involves outlining a DAP, by describing measures to reduce dust generation and 
its impact on sensitive receptors. Where risk of potential nuisance is defined as 
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negligible no additional mitigation (beyond those legislated) is required. Where site 
nuisance dust levels are likely to be at very high, high, or medium levels, a DAP 
detailing the means of dust control and minimisation must be written (IAQM, 2012). 
These measures vary depending on the risk associated with each site. For example, 
a low risk site would be expected to erect effective barriers around dusty activities, use 
water as a dust suppressant, and minimise drop height (the height from which material 
is allowed to fall). High risk sites would be expected to locate machinery and dust 
generating activities away from receptors, hard-surface haul roads and effectively 
clean them, and re-vegetate material stockpiles as soon as practicable (GLA, 2006).  
Not only are DAPs important in managing on-site dust levels, the written procedures 
for dealing with dust generating activities and the development of site-specific best 
practice techniques provide the opportunity for improved relations with the general 
public (MIRO, 2011).  
 
1.6 Summary 
Nuisance dust (i.e. dust that is < 70 µm in diameter) has historically been considered 
of little concern in terms of the potential health impacts of finer particulate matter. 
However, recent developments in guidance by the IAQM and the upsurge in nuisance 
dust complaints have brought it to the fore. Dust can be generated both mechanically 
and naturally, and meteorological parameters, most notably wind speed, direction and 
temperature, can affect its dispersion. AAC and EAC have been established as the 
most well defined and most frequently used measurements in dust dispersion and are 
the only measurements suitable for directional dust dispersion analysis using passive 
sampling methods. The next chapter explores the range of dust monitoring methods 
currently available and provides the rationale for selecting both the method and the 
analytical techniques used in this study for the collection, analysis and interpretation 
of data. 
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2 Dust measurement and analysis methods 
2.1 Introduction  
This chapter is concerned with the review of several dust monitoring systems available 
within the UK, both passive and active, with a view to providing a rationale for the 
choice of system used in this study. The methods available for the analysis of dust 
collected using this chosen system, and the tools for interpreting those results, are 
then explained. 
 
2.2 Dust monitoring systems and their applications 
Dust monitoring systems are used across the UK to assess various airborne dust 
parameters including (but not limited to) Total Suspended Particulates (TSP), PM10, 
PM2.5 and nuisance dust. These monitors can be split in to two groups; active and 
passive samplers. Active samplers are generally used to assess the finer fractions of 
dust in ambient air and provide almost instantaneous readings. Passive samplers 
collect settled dust or dust in flux prior to analysis (EA, 2004). In this study, the source 
of the dust collected is critical. The suitability of a number of different monitoring 
systems for their use in passive directional dust monitoring and source apportionment 
is examined below and presented as a table of pros and cons. 
 
2.2.1 Active samplers 
Real time monitors allow readings of particle levels to be collected and displayed 
immediately and continuously on screen. Although expensive compared to directional 
and depositional dust monitors, these provide valuable real-time measurements of 
various particulate size fractions. Systems employing nephelometry (a measure of 
light scatter) may be used to determine the particle size and density of airborne dust 
passing through their sensors, however samples are not retained (Quirantes et al., 
2008).  
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For example the OsirisTM (Optical Scattering Instantaneous Respirable dust Indication 
System) was developed by the Health and Safety Executive’s (HSE) engineering 
laboratory for fine particulate monitoring in the coal mining industry. Shown in Figure 
2.1, it has been used in many dust monitoring settings to assess TSP, PM2.5 and PM10 
(King, 1997). Its suitability as a portable monitor for PM2.5 and PM10 determinations 
makes it a frequently selected particulate matter monitor. It has also been used as one 
of a number of monitors on a linked grid, providing data from various locations 
simultaneously (Roebuck et al., 1990). 
 
Figure 2.1 - An Osiris dust monitor (Edie.net, 2012) 
 
Another real-time monitor, the beta attenuation monitor, is also used at several 
locations around the UK. Such monitors draw fine particulates (either PM10 or PM2.5) 
on to a filter tape. Particulate matter concentration is then determined by the decrease 
in β – particles detected from a C14 source (Watson et al, 2012). 
Heated air inlet 
Power supply 
Data analysis 
unit  
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Gravimetric dust monitors are used to identify specific size fractions of dust such as 
PM10 and PM2.5, and their relative concentrations in ambient air (Querol et al., 2001). 
Many gravimetric devices are available for the determination of PM10 and PM2.5 
concentrations, all of which must conform to EN12341 and EN14907 respectively 
(DEFRA, 2006). Gravimetric monitors allow further analysis of samples collected on 
the filter, which may help identify the source of dust (Bluvshtein et al., 2011). The 
DustScan DS500 is an example of a gravimetric PM10 sampler conforming to 
EN12341. It was used in this study to assess background and on-site PM10 levels on 
the basis that it did not require a fixed power source and provided gravimetric dust 
samples on a weekly basis. 
The Partisol monitor (Figure 2.2) is one of the most versatile gravimetric samplers 
available. This instrument allows samples to be collected on 16 consecutive days, on 
individual filters, due to a fully automatic filter exchange system (Charron et al, 2004).  
 
 
Figure 2.2 – Partisol dust monitor in the field (Lea Siegler Australasia, 2012) 
Heated air inlet  
Data analysis 
unit  
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Both real-time monitors and gravimetric monitors are used to assess levels of PM10 
with respect to NAQS thresholds of 40 µg m-3 day-1 (annual mean) and 50 µg m-3 day-
1 (not exceeded more than 35 times a year) (EA, 2004). Although these systems allow 
sites to monitor compliance with NAQS, passive samplers are better suited to 
determining nuisance impacts on local communities (EA, 2004). 
 
2.2.2 Passive samplers 
Deposition dust monitors are used to assess nuisance dust levels at receptor locations 
(EA, 2004). No standard method exists for deposited dust monitoring although as 
discussed in Chapter 1, custom and practice guidelines are often followed (Vallack, 
1995; EA, 2004). These guidelines, suggested by the Stockholm Environment Institute 
– York (SEI-Y) recommend monthly sampling using a Frisbee monitor to determine a 
daily deposition rate, by dividing the deposited dust mass by the number of sampling 
days. 
The Frisbee dust deposition monitor (shown in Figure 2.3) has been used frequently 
over the past three decades (Hall and Waters., 1986; Hall and Upton., 1988; Vallack 
and Chadwick., 1992). It has been shown that a Frisbee gauge with foam insert 
gathered dust more effectively than a Frisbee gauge smeared with liquid paraffin, a 
dry Frisbee gauge and a BS dust deposit gauge (Vallack, 1995).  
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Figure 2.3 - Frisbee dust monitor (Hanby, 2012) 
 
Glass slides are also used for deposition dust monitoring with subsequent analysis for 
soiling effect undertaken using a smoke stain reflectometer (Brooks and Schwar, 
1987). Glass slides may also be used indoors as well as in the field to determine soiling 
rates (Adams and Ford, 2001).  
 
Directional dust monitors (shown in Figure 2.4) are specifically designed to measure 
fugitive dust flux around site boundaries (Datson et al., 2012). Dust is either collected 
in vessels located below directional ‘traps’, or becomes adhered to a sticky pad. Both 
directional dust sampling systems are discussed below.  
The British Standard BS1747: Part 5 (BS1747:5) directional dust gauge (standard 
recently withdrawn) comprises four cylinders mounted at right angles to each other 
with an opening cut into one side of each. Dust is collected in pots at the bottom of 
each cylinder, which is then weighed to determine the amount of dust received from 
each of the four directions. Bush et al (1976) have demonstrated theoretically that the 
Frisbee sampling 
head   
Sample 
collection bottle   
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collection efficiency decreases rapidly when wind is not blowing directly towards the 
aperture. Small dust particles are deflected away from the cylinders by the turbulent 
air flow close to the sampling inlet, meaning they are not well represented in the 
samples (Ralph and Hall, 1989). Despite such substantial limitations including being 
described as fundamentally unsuited to the measurement of dust in flux (Hall and 
Emmott 1994) the BS1747:5 is still the preferred method for monitoring dust in flux on 
site boundaries (EA, 2004). 
Fablon, a clear sticky-backed plastic, is routinely used around the UK to assess 
nuisance dust in flux (EA, 2004). Dust samples collected on Fablon are analysed 
manually using a sticky pad reader to determine the ‘soiling rate’ or ‘loss of reflectance’ 
measured in % EAC in a given sample quadrant.  
Farnfield and Birch (1997) standardised directional sticky pad monitoring by designing 
a bespoke dust monitor (known as a ‘Leeds’ Dust Gauge) and a non-subjective 
analysis system for the determination of % EAC and % AAC. This monitor has been 
refined for commercial use by DustScan Ltd (Figure 2.4). Although sticky pad monitors 
are prone to contamination from seeds and insects, the analysis software (updated at 
DustScan Ltd) allows these ‘contaminants’ to be masked out. The analysis system 
also allows the determination of both % EAC and % AAC to a directional resolution of 
15°.  
 
 
22 
 
 
Figure 2.4 - A DustScan directional dust monitor in the field (DustScan, 2012) 
 
An alternative directional sampler, based on the principle of the Frisbee sampler, was 
described by Lin et al.(2011). The sampler has a non-rotating circular sampling tray 
divided into 16 sectors covering 360° (representing the 16 principal wind directions), 
each inlaid with self-adhesive franking labels or carpet tape. After a set monitoring 
period (typically between 7 days and 30 days) each sample from within each sector is 
collected. The pre-weighed mass of the adhesive substrate is subtracted from the 
retained mass of dust sample to provide a directional, settlement rate measured in mg 
m-2 day-1 per direction. Although capable of identifying the direction of dust sources, a 
number of inhibiting factors persist, including the time required to both remove and 
analyse collected dust samples from each directional tray, the time required to replace 
each adhesive tape and the cost of analysis. 
 
2.2.3 Suitability of dust monitoring systems for dust source apportionment 
Accurate source apportionment of airborne dust is difficult to achieve with any real-
time, gravimetric or deposition dust monitor without the aid of additional data. 
Sampling head   
Mounting post   
Rain guard   
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Directional dust monitors however can identify the direction of propagation. Table 2.1.  
sets out the pros and cons of each passive sampler presented above. As noted 
previously, real-time monitors are not included in this table on the basis that they are 
not passive samplers. 
Table 2.1. Pros and cons of passive dust monitoring systems 
Passive Sampler Pros Cons 
Frisbee settlement 
sampler 
 Easy to install 
 No blank correction 
required 
 Not directional 
Directional Frisbee 
sampler (Lin et al, 2011) 
 Easy to install 
 Difficult sample 
changeover 
mechanism 
 Directional analysis 
in 18 settlement 
bins 
 Allows for 
subsequent 
chemical analysis 
 No blank correction 
required 
 No current 
directional dust 
settlement 
standard / 
guidance to adhere 
to 
 Difficult and 
protracted sample 
retrieval ca. 1hr per 
sampler 
 Sample retrieval 
not conducive to 
large scale 
deployment 
 Not developed until 
2011 
Fablon directional dust 
sampler 
 Easy to install 
 Simple sample 
changeover 
mechanism 
 Does not allow for 
subsequent 
chemical analysis 
DS100 directional dust 
sampler (Datson, 2010) 
 Easy to install  Variable elemental 
composition of 
sampling medium, 
thus requires blank 
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The source apportionment of a sample collected using both gravimetric and deposition 
systems is possible when mineralogical and chemical analyses are performed, 
although this requires additional meteorological data (Yuan et al, 2008). Further 
analysis of a sample collected using the DustScan directional monitor is also possible 
(e.g. Fowler et al., 2010, Fowler et al., 2013) however further analyses of samples 
collected on Fablon have not been published. No sample is retained by real-time 
monitoring systems thus further analysis is unrealistic. 
In order to measure the dispersion of dust from a site a number of monitors needs to 
be deployed to assess dust levels at various distances and orientation from the source. 
The cost of using several monitors is therefore, a factor in any dust dispersion study. 
Gravimetric monitors currently cost between £1000 – £25000 each (EA, 2004). 
Depositional and directional dust monitors cost << £1000 each (EA, 2004).  
As set out in Table 2.1. directional dust samplers do not rely on additional 
meteorological information to determine the direction of a dust source, although 
additional data can be valuable. As dust is adhered to the sampler a visual 
identification of dusting direction is possible, making it more suited to source 
identification prior to further analysis. A more targeted analysis of the potential source 
 Simple sample 
changeover 
mechanism 
 Suitable for large 
scale deployment 
 Directional dust 
assessment 
guidance 
applicable to this 
sampler without 
meteorological 
input 
 Allows for 
subsequent 
chemical analysis 
correction for each 
sample 
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can be conducted by examining segments with a 15° resolution around a 360° 
sampling head (Fowler et al., 2010). 
Directional monitors are the most suited to initial source identification and further 
geochemical and mineralogical analyses can be carried out on the samples. Of the 
directional dust monitors available at the time, the DS100 was used due to the ease 
of sample collection and handling, scope for further analysis and its high data 
resolution.  
 
 
2.3 Sample analysis 
The techniques applied to the further analysis of dust samples are the same as those 
applied to other environmental matrices. These include optical microscopy, through 
which particle size, shape and colour can be noted, to more complex Scanning 
Electron Microscopy (SEM), Inductively Coupled Plasma - Atomic Emission 
Spectrometry (ICP-AES) and Inductively Coupled Plasma - Mass Spectrometry (ICP-
MS), from which detailed morphology and the chemical composition of the dust can 
be obtained (Datson and Fowler, 2007). A number of these methods are discussed 
below.  
Optical light microscopy can be used to study dust samples and aid the identification 
of their constituent parts (Vallack and Shillito, 1998). Dust particles collected on a 
sticky pad can be imaged through Reflected Light (RL), transmitted light (plane-
polarised (PPL), or under cross-polarised light (XPL)). 
A number of instruments and methods are available for analysing dust samples to 
determine their elemental composition. ICP-AES and ICP-MS are two of many 
spectrometric instruments currently available. Analysis by these methods involves 
dissolving the dust sample, and introducing the solution to an argon plasma. In an 
ICP-MS system the elements thus ionised are focused by electrostatic lenses and then 
separated according to their mass to charge ratio, allowing individual element 
detection. However, the use of Argon (Ar) gas generates multiple polyatomic argides 
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such as ArO, ArC, and ArCl, which overlap with isotopes of Cr, Fe, and As respectively. 
Detection limits from the latter set of elements are therefore, increased (Pick et al, 
2010). ICP-MS analysis will be discussed in more detail in chapter 4. 
In an ICP-AES system the ionised elements emit light at a specific wavelength which 
is then registered at a detector. This method was used by Fowler et al. (2010) during 
an initial study of APC source apportionment at Wingmoor Farm. Polyatomic 
interferences also occur at various wavelengths with this method, making it difficult to 
determine the concentration of an element in a sample (Boevski et al., 2000). 
Detection limits are also generally lower in an ICP-MS system with measurements 
possible in parts per trillion, whilst measurements made using an ICP-AES system are 
generally no lower than parts per billion (Thermo Elemental, 2001). On this basis the 
ICP-MS system was used in this study. 
Source apportionment can broadly be described as a means of identifying the origin 
of a sample. For example Ebert et al. (2012) used scanning electron microscopy to 
apportion particles near a steel works to various sources, including sea-salt, soot and 
soil, whilst Munoz et al (2012) used Gas Chromatography – Mass Spectrometry 
(followed by statistical analysis) to determine the relative contribution of hydrocarbons 
from a company to an oil spill in the San Vicente Bay. Elemental results obtained from 
ICP-MS analyses can also provide a foundation upon which source apportionment of 
a sample can be attempted. As set out by Fowler et al, (2010) various methods can 
be applied to an ICP-MS-derived dataset to aid this process, most notably principal 
component analysis and binary mixing; both of which are discussed below.  
 
2.4 Principal component analysis 
Principal Component analysis (PCA) is a multivariate statistical tool that enables an 
assessment of the relationships between different sources of dust in each sample by 
emphasizing similarities and differences in a dataset. 
PCA reduces the original number of variables in a dataset (in this study these are 
elements) to a smaller number of uncorrelated orthogonal (perpendicular) variables, 
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or components (also known as eigenvectors) by linear transformation (Dunteman, 
1989). On a plot of the data the first component is drawn along the direction of the 
most variance. The second most variance (and therefore, the second component) is 
found perpendicular to the first component. These components explain a significant 
proportion of the variance in the dataset. The first principal component is said to have 
the highest eigenvalue and therefore, will explain the most variance in the dataset 
(PC1). Principal component two will have the second highest eigenvalue and 
therefore, explain the second most variance in the dataset (PC2) and so forth until the 
nth principal component explains the least variance and is said to have the smallest 
eigenvalue (Dunteman, 1989).This method of exploratory data analysis therefore, 
allows for similarities and differences between samples to be identified.  
PCA is used in several modern-day applications such as image recognition (Thomaz 
and Giraldi, 2009), psychometrics and marketing (Giordani and Kiers, 2004) and 
anthropogenic contributions to the marine environment (Bravo-Linares et al., 2007; 
Mudge et al., 1998). PCA has also been used in source apportionment studies of road 
dusts both in the UK (Harrison et al., 2003) and further afield (Dong and Lee, 2009). 
In this study, PCA was used to determine the sources contributing to dust samples by 
exploring the elemental datasets of both sources and dust samples simultaneously. It 
was also used in this study (and previous studies (e.g. Fowler et al., 2010)), to help 
constrain the element ratios used in binary mixing models; this approach is discussed 
in the following section. 
 
2.5 Binary mixing modelling 
Binary mixing models allow the identification of proportions in a sample from two 
chemically distinct sources. Recently environmental scientists have adopted the 
method for use in dust source apportionment (e.g. Datson and Fowler, 2007; Fowler 
et al., 2010).  
The construction of a binary mixing model requires the knowledge of the elemental 
composition of two end members; in this study these are APC and background clay / 
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soils and their elemental composition is explained below. For example, Fowler et al. 
(2010) applied binary mixing methods to determine the source of dust in a collected 
sample. By selecting relevant inter-element ratios (Fe / Ti and Ca / Al), differences 
between end-members were maximised and proportions of the source material in a 
sample were determined, as shown in Figure 2.5. 
 
Figure 2.5 – Binary mixing model – APC / Soil end member expression (Fowler et al., 2010 
 
Data generated by both PCA and binary mixing can be further, and more clearly, 
visualised by spatially mapping the results. This process is considered in the following 
section. 
 
2.6 Geostatistical modelling and dust mapping 
Maps provide a valuable visual tool for straightforward interpretation of data. Although 
maps have been generated on the basis of theoretical models for fine particulate 
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matter dispersion (Moroko, 2012) and long-range dust transport studies (Coz et al., 
2009), no empirical mapping (i.e. maps generated on the basis of measured data) has 
been performed in the field of nuisance dust dispersion. This is the principal aim of this 
study.  
A range of mapping techniques exists for the presentation of data. Simply placing 
collected results at a data point on a map can be a powerful tool, as is shown in Figure 
2.6. Here directional dust levels measured in % AAC are plotted for each monitoring 
location, and the direction from where the dust has arisen can be identified by the red 
arcs.  
 
Figure 2.6 - Absolute area coverage (AAC) dust plot. (DustScan, 2008) 
 
Non-directional data can also be presented in a contour map. SurferTM and, to some 
extent, GrapherTM (both Golden Software Inc. mapping and graphics packages) can 
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be used to map and contour data; however more sophisticated geostatistical packages 
such as ISATISTM (the mapping package used in this study) exist.  
Geostatistics, a key component of the ISATIS modelling and mapping software, was 
initially developed by Daniel Krige as a means of surveying ore deposits (Clark, 1979). 
Variograms and “kriging” in ISATIS allow the generation of data at a point for which no 
data was collected (i.e. between monitoring locations) by interpolating and estimating 
the relationship between this point and known data points (Clark, 1979). Webster and 
Oliver (2001) stated that most attempts at spatial prediction have been mathematical, 
and most take account of systematic or deterministic variation, ignoring any potential 
error. ISATIS does take into account the potential error of the generated data by 
creating standard error maps based on the confidence limits of each interpolated data 
point. It is these advanced techniques that make its maps more robust than most 
alternatives.  
 
2.6.1 Variograms 
Spatial patterns are usually described using an experimental variogram, which 
measures the average dissimilarity between data separated by a vector (Goovaerts, 
1999). The variogram is defined as the variance of the difference between field values 
at two locations (Cressie, 1993). It is calculated by averaging one-half of the squared 
increments of all pairs of observations (distances between two samples) separated by 
the lag vector (Yupeng and Miguel 2011). As shown in Figure 2.7, each variogram is 
comprised of three sections; the model, the sill and the range.  
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Figure 2.7 - The structure of a variogram (Spatial-analyst.net, 2014) 
 
Following the creation of an experimental variogram a variogram model is fitted. A 
model in this instance can be defined as a straight line or a curve that best fits the data 
generated by an experimental variogram. The point at which the model fitted reaches 
the sill is known as the range. Up to this point, samples are spatially dependent, 
whereas after this point they have no spatial dependence. The lag is representative of 
the sample spacing. In datasets where sample spacing is not uniform, the lag is taken 
as the shortest distance of separation. The range is used to determine the extent of 
the neighbourhood used for interpolation.  
A choice between several variogram fitting models (Gaussian, linear, exponential and 
spherical) can be made. Linear models suggest that the correlation between variance 
and lag distance remains uniform indefinitely. Spherical models are implicit in implying 
that correlations between the variance and lag distance are zero beyond a given 
distance, whilst exponential models imply that although correlations between the 
variance and lag distance diminish with distance, they never fully disappear. The 
Gaussian model is used to model continuous phenomena (Isaaks and Srivastava, 
1989). In most cases a spherical model is fitted to the variogram, as this is deemed to 
be the ‘ideal’ shape for the semi variogram (Clark, 1979). 
In some variograms, nugget effects are present. These effects are caused by either 
sampling error, or very short-scale variability in the data (Isaaks and Srivastava, 1989). 
This results in the variogram crossing the origin at a positive variance (as shown in 
Figure 2.8 nugget effects are unlikely to be found in data from wind-blown dust from a 
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known source as dispersion is diffusive and therefore, unlikely to change significantly 
at close points. 
 
Figure 2.8 - Variogram structure with nugget (Grunwald 2008) 
Webster and Oliver (1993) state that for reliable variograms to be determined at least 
150 data points need to be generated. For anisotropic (i.e. directional) variation, even 
more samples are required. However empirical testing has shown that a minimum of 
40 data points is needed to reasonably define a variogram (Pincock Perspectives, 
2008).  
 
2.6.2 Kriging 
Kriging is an interpolation method whereby unknown points between sampled points 
can be estimated with varying degrees of confidence, and the error recorded. The 
assumption of the kriging process is that the recorded value will be weighted according 
to its spatial relationship with the location being estimated (Giles 1993). Myers (1991) 
stated that Kriging requires an ‘abundance’ of sample points to be an accurate spatial 
interpolation method, although the term abundance is not specifically defined. The 
weights attributed to each point in the kriging process are often those derived from the 
dataset’s respective variogram. For example, points with known data that are near a 
point for which no data are available carry more weight than those known data points 
positioned further away. (Webster and Oliver, 2001). Additionally, individual samples 
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are weighted so that clusters do not have an undue influence on an estimate for a 
given point (Isaaks and Srivastava, 1989). 
 
2.7 Summary 
This chapter has set out a range of monitoring methods available for use in the UK. 
This chapter also set out the rationale for using the DS100 directional dust gauge 
instead of other methods. Additionally, a range of analytical techniques which could 
be applied to samples collected using the DS100 were outlined and some means of 
interpreting the data presented The methods discussed in this chapter will be applied 
to the collection, analysis and interpretation of dusts collected on and around 
Wingmoor Farm landfill site, with particular interest paid to the APC proportion in each 
dust sample. The next chapter will focus on APC, its generation, management and 
disposal. In order to contextualise the reasons for concern associated with APC 
dispersion some of the potential for harm to human health associated with its 
constituents are detailed. Finally, the use of APC commercially is reviewed. 
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3 Air Pollution Control Residue: Generation and Management 
3.1 Introduction 
This study is primarily concerned with evaluating and understanding the dispersion of 
APC. This chapter sets out the process by which Air Pollution Control Residue is 
generated, initially by setting out its classification as a hazardous waste. The 
generation of APC and its subsequent management are then presented in detail. 
Furthermore, the composition of APC is set out and the potential health impacts 
associated with its constituent parts are presented. Finally, the means of APC disposal 
are noted and the commercial uses of APC are outlined. 
 
3.2 Hazardous waste management 
According to the European Union (EU) Directive 2008/98/EC (Waste Framework 
Directive), the first objective of any waste management policy should be to minimise 
any negative effect of waste generation and management on human health and the 
environment. Hazardous wastes are defined by their properties in accordance with the 
Hazardous Waste Directive: Annex III (EU Directive 91/689/EEC), some of which are 
discussed below. The directive instructs member states to dispose of hazardous waste 
and municipal wastes separately, and to carefully monitor hazardous waste from 
generation to disposal. 
Incineration of waste is a method used by local authorities both in the UK and in 
countries worldwide to reduce the amount being sent to landfill and as a means of 
producing energy, colloquially known as Energy from Waste (EfW). For example, 
approximately 3.59 Mt of waste was incinerated in the UK in 2009 (Tolvik, 2011). Of 
the waste incinerated, approximately 25 kg t-1 was recovered as air pollution control 
residue (APC) (Francois and Criado, 2007), the target material for this study. APC is 
a hazardous waste material as defined by the above EU directive. Its generation and 
management are discussed in the next section. 
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3.2.1 APC generation and management 
Heavy metals and persistent organic pollutants (POPs) are found in the flue gases of 
waste incinerators (Yuan et al., 2005; Meneses et al., 2005). The organic pollutants 
include polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) 
(more commonly known as dioxins and furans). Dioxins and furans are formed from 
the incomplete combustion of chlorine-containing compounds such as polyvinyl 
chloride (PVC). This process is largely anthropogenic (Schecter et al., 2011), although 
dioxins and furans can also be produced by volcanic eruptions (World Health 
Organisation (WHO), 2010). Currently, 75 dioxin congeners (Geyer et al., 2002) and 
135 furan congeners have been identified to date in the literature (Yang et al., 2006). 
Both groups of organic pollutants have residence times of approximately 12 years in 
soils, therefore, increasing the likelihood of uptake by organisms in the food chain 
(Nouen et al., 2001). Heavy metal accumulation and impact in the environment vary 
by element and by their oxidative states. For example, Lead (Fe2+) is known to 
accumulate in the environment and be harmful to human health (Pehlivan et al, 2009), 
whilst the toxic effects of aluminium are less pronounced due to the ability of the 
kidneys to efficiently remove it (Priest, 2004).  
APC, sometimes known as fly ash, is a mixture of calcium hydroxide (Ca(OH)2) and 
activated carbon which is used to remove these pollutants from flue gases (Hyks et 
al., 2009). Activated carbon acts as an adsorbent and calcium hydroxide neutralises 
acidic gases (known generically as desulphurisation). As shown in Figure 3.1, both 
are mixed before being introduced to gases emitted during the incineration process. 
Treated gases are then emitted and the APC residue is then removed for disposal. 
Bottom ash and boiler ash are also generated during the incineration process; 
however a significant proportion of these are recovered and recycled (Autret et al., 
2007). 
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Figure 3.1 – Pollution control mechanism (Werther, 2007) 
 
Element concentrations found within APC may vary between sites and over time 
(Sokka et al., 2007). The chemical composition of APC also varies considerably from 
one incinerator to another as shown in Table 3.1.  
 
 
 
 
 
 
 
APC   
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Table 3.1. APC chemical composition at various incinerators (Macleod et al., 2006) 
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For example lead concentrations varied from 4300 - 6000 mg kg-1 at the Tyseley 
incinerator, Birmingham, to 422 – 5331 mg kg-1 at Groom’s Farm, Bordon. Similarly, 
other toxic metals, including cadmium, mercury and arsenic varied between 
incinerators (Macleod et al., 2006). De Boom and Degrez, (2012) also characterised 
APC from a municipal waste incinerator in Belgium and found lead levels of 12 000 
mg kg-1. Because APC contains heavy metals and POPs in amounts above the 
Environment Agency’s waste acceptance criteria levels, and therefore, needs to be 
disposed of at a hazardous waste disposal facility.  
 
3.2.2 APC disposal 
APC is deemed a hazardous material by Article 1(4) of the European Council Directive 
91/689/EEC (Annex I and Annex II), and its disposal must therefore, be controlled and 
monitored in ‘the fullest manner possible’. A notification of intent to dispose is required 
by the Environment Agency when disposing of calcium hydroxide in accordance with 
the Control of Substances Hazardous to Health (COSHH) regulations, due to its status 
as an irritant. 
There are two methods predominantly used in the disposal of APC. The most 
conventional method is to dispose of it to licensed landfill, as is the case at Wingmoor 
Farm, the site at which this study took place. Less commonly it is stored in disused 
salt mines (Hjelmar, 1996) such as the Winsford rock salt mine in Cheshire.  
APC disposed of to landfill in the UK is expected to have increased from 83,000 t in 
2000, to 162,000 t in 2012 (Rani et al, 2008). An aim of the European Commission’s 
Landfill Directive 1999/31/EC is to reduce the volume of waste (including hazardous 
waste) being sent to landfill. As a consequence several research projects and 
commercial ventures have been conducted to provide an alternative to APC landfill 
disposal. In 2001, 75,532 t of APC was disposed of to licensed landfill in England and 
Wales (Macleod et al., 2006). 
Rani et al (2008) demonstrated that APC could be reverted to an inert (non-hazardous) 
phase by mixing it with silica and alumina and melting the mix with direct-current using 
plasma arc technology. They showed that the resulting glass is relatively inert in nature 
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with heavy metals encapsulated within a silicate matrix and was therefore, safe for 
disposal to inert landfill. Additionally, this method has been demonstrated to remove 
at least 98% of the PCDD/Fs found in air pollution control residues by high temperature 
destruction (Pan et al., 2013). Cai et al (2004) tested the principle of using APC mixed 
with cement as the base layer for road and pavement construction. They found that 
although the required uniaxial compression strength was obtained, leaching of heavy 
metals indicated it was not suitable for widespread use.  
As stated above, the safe disposal of APC is important due to its status as a hazardous 
material with the potential to affect human health. The pathways, and health 
implications, of exposure to APC will be discussed in the following section. 
 
3.2.3 Potential impacts of APC on health 
Humans can be exposed to APC and its constituent pollutants via three pathways: 
inhalation, ingestion and absorption through the skin.  
As discussed earlier, particles ≤ 10 µm in diameter (PM10) can enter the lungs through 
inhalation. Scanning Electron Microscope (SEM) images taken by Quina et al, (2008) 
show APC particles of this size and smaller (Figure 3.2). High levels of PM10 have 
been linked with an increased rate of mortality (Bae and Park, 2009) and are thought 
to contribute to the development of chronic and acute diseases such as asthma, 
cancer, bronchitis, and others (WHO, 2006). 
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Figure 3.2 - SEM image of APC (bulk sample) (Quina et al., 2008) 
 
Due to its Ca(OH)2 content, APC is alkaline and therefore, can cause burns if it comes 
into contact with skin, eyes, or through inhalation (Narayanan et al., 2000).  
One purpose of APC is to remove dioxins and furans from flue gases, and these 
hazardous compounds are therefore, present in APC residue. Dioxins and furans can 
enter the food chain (McLachlan et al., 1996) and have been shown to bioaccumulate 
in the fatty tissues of animals (Geyer et al., 2002). Residence times of dioxins in the 
fatty tissue of humans range from 12 years to a lifetime, depending on the congeners 
present (Geyer et al., 2002). The dioxins and furans most studied are those from the 
2, 3, 7, 8 – substituted congener group, and are shown to be harmful to human health 
(Zheng et al., 2008). They affect the nervous, endocrine and reproductive systems 
and are also teratogenic, mutagenic and carcinogenic (Health Protection Agency 
(HPA), 2008).  
As noted above, heavy metals such as cadmium (Cd) and lead (Pb) are found in APC. 
Exposure to high doses (or accumulated small doses) of cadmium is known to 
adversely affect human health, causing renal dysfunction, exacerbated in diabetics 
due to increased sensitivity to cadmium toxicity (Bernard, 2008; Nordberg, 2009). 
Exposure to lead has the effect of reducing cognitive capacity in children (Harper et 
al., 2003; Bierkens et al., 2012).  
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Models such as the Contaminated Land Exposure Assessment model (CLEA) are 
often used in assessing the risk of harm to health from a range of elements and 
compounds. However, the sampling method used in this study described in further 
detail later, did not allow for the derivation of a concentration and therefore, risk models 
such as these could not be applied. 
The dispersion of APC from hazardous waste landfill sites in significant quantities may 
increase the likelihood of exposure to the aforementioned contaminants (e.g. Macleod 
et al., 2006). Although this study is not intended as an assessment of the risk to human 
health from APC dispersion, but as an assessment of APC presence and dispersion 
at each monitoring point, it is clearly useful to know where APC dust has arisen, and 
how much is present at a given location.  
 
3.3 Summary 
As noted in this chapter, APC is cotegorised by regulatory bodies as a hazardous 
waste and thus needs to be disposed of to landfill. It contains a mixture of organic and 
inorganic pollutants such as heavy metals, dioxins and furans, and its dust can be 
described as an irritant due to its high Ca(OH)2 content. The amount of APC disposed 
of to landfill is expected to increase for the foreseeable future due to the ongoing 
diversion of municipal waste to incineration.  The next chapter will focus on Wingmoor 
Farm, its site activities, geology and the surrounding landscapes, population centres 
and transport networks. Potential dust sources on site will be discussed, with a 
particular focus on APC sources. Other dust contributions from the local area will also 
be detailed.  
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4 Wingmoor Farm landfill site and the surrounding area 
 
4.1 Introduction 
This chapter sets out the study area with respect to its environment: climate, 
topography, geology, demography and industry. Also examined in detail is the 
development of Wingmoor Farm, from initial development to the present day. Potential 
dust sources both on-site and off-site are identified, with a focus on the former and 
their proximity to local receptors. Dust suppression and control methods used on 
Wingmoor Farm are also noted. Finally, previous dust monitoring studies carried out 
on Wingmoor Farm are discussed. 
 
4.2 The features of North Gloucestershire 
The site of this study, Wingmoor Farm, is located half a kilometre to the west of 
Bishop’s Cleeve. This town is located within the Severn Basin, in north 
Gloucestershire, west England. It is bordered by the Welsh county of Monmouthshire 
to the west and six English counties (Herefordshire, Worcestershire, Warwickshire, 
Oxfordshire, Wiltshire and Somerset) to the north, south and east. The town lies at the 
foot of Cleeve Hill, which at 320 m above ordnance datum is the highest point of the 
Cotswold escarpment (Briggs, 1975).  
 
4.2.1 Geological and Pedological setting 
There are more than 100 m of Lower Jurassic Blue Lias clay beneath ca. 1 m of topsoil 
in the Severn Basin (Murchison et al., 1845; Ambrose, 2001). The Lias clay was 
deposited during the Hettangian and early Sinemurian stage (199.6 – 193.2 Ma) and, 
as seen in Figure 4.1, can be found between Bath in the south to Evesham in the 
north, extending east into the East Midlands Shelf (Simms et al, 2004). Occasional 
bands of cementstone and shelly limestone can be found, along with ammonites such 
43 
 
as Arietites bucklandii and belemnites such as Nanobellus acutus (De Graciansky et 
al., 1998).  
 
Figure 4.1 - The underlying geology of the Severn Basin and surrounding area. Numbers identify 
areas which are part of geological conservation review programme. MB = Mickleton Borehole; 
SPB = Stowell Park Borehole (Simms et al., 2004). 
 
Bishop’s 
Cleeve 
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The western side of the Severn Basin in north Gloucestershire is flanked by the 
Malvern Hills (a Proterozoic outcrop; Simms, et al., 2004)) and the eastern side by the 
Cotswold escarpment (an oolitic limestone outcrop; Barron et al., 1997) which was 
deposited during the Middle and Upper Jurassic (Simms et al., 2004). 
Oolitic limestone fan gravels, thought to have been deposited during the Upton Warren 
Interstadial period of the Devensian glacial stage (late Pleistocene), are found above 
the Blue Lias in several locations within the Severn Basin (Briggs, 1975). The gravels 
found near Beckford, 5km to the north of Bishop’s Cleeve are thought to be derived 
from Bredon Hill (Herefordshire and Worcestershire Earth Heritage Trust, 2010) whilst 
the gravels found near Bishop’s Cleeve are likely to come from the Cotswold 
escarpment. It is possible that both gravel beds were deposited as a result of 
solifluction processes acting upon the predominantly oolitic limestone outcrops 
(Bredon Hill; Cotswold Escarpment) (Briggs, 1975). 
The variation in underlying geology from low energy Jurassic deposits (i.e. clay) to 
high energy Pleistocene deposits (sand and gravels) is generally a result of fluctuating 
sea level, which itself is a result of a changing climate (Ekman, 1999). A shifting climate 
has contributed in some part to the varying composition of the geological record, be it 
indirectly as glaciers melt and sea level rises, contributing to the erosion of surface 
features (Shum et al., 2008), or directly through wind erosion of exposed geological 
features (Sebe et al., 2011).  The recent climate of the West Midlands and in particular 
the Severn Basin is discussed in the following section. 
The soils that overlay both sands and gravel and Lias clay have been formed from the 
erosion of these underlying beds and are therefore, similar in nature and composition. 
 
4.3 Local climate and weather 
As noted in Chapter 1, temperature, wind and rainfall have an effect on dust generation 
and dispersion. It is therefore, important to understand the weather and climate of the 
study area.  
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Weather is defined as “the state of atmospheric conditions including humidity, 
precipitation, temperature, pressure, cloud cover, visibility and wind” (i.e. short term 
changes in the atmospheric system). Climate is defined as the characteristic pattern 
of weather over a given period, typically 30 years (Oxford Dictionary of Science, 2006). 
According to the Köppen - Geiger climate classification the UK is classed as having 
an oceanic climate, defined as a warm, temperate, and fully humid environment that 
experiences hot summers (Kottek et al, 2006). Average annual temperatures (1971 – 
2000) in the UK range from 1°C in the Scottish Highlands, to 11.6°C along the coast 
of Southern England (Met Office, 2012). The annual average temperature in the 
Severn Basin was approximately 10°C between 1971 and 2000 (Figure 4.2). Seasonal 
average temperatures at Bishop’s Cleeve ranged from 4.6°C in the winter to 17.2°C 
in the summer (Met Office, 2012). These seasonal average temperature maps can be 
found in the appendix (Figure A.1 – Figure A.4 ). 
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Figure 4.2 - Average annual temperature in the Midlands (Met Office, 2012) 
 
Annual total rainfall rates in the UK range from between 4800 mm on the hills and 
mountains of North and South Wales and the Scottish Highlands, to 400 mm in the 
north east of England. As shown in Figure 4.3, annual rainfall rates were between 500 
mm and 650 mm a year in Bishop’s Cleeve between 1971 and 2000 (Met Office, 2012). 
Seasonal rainfall levels in Bishop’s Cleeve (1971 – 2000) ranged from 100 – 180 mm 
during the winter, to an average rate of 120 – 160 mm in the summer (Met Office, 
2012). Seasonal rainfall rate maps in Gloucestershire can be found in the appendix 
(Figures A5 – A9). 
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Figure 4.3 - Annual average rainfall in the Midlands (Met Office, 2012) 
 
Wind is a significant factor in dust distribution and therefore, it is important to 
understand its general trajectory over the study area. Six different air masses may 
affect the UK at different times of the year, as shown in Figure 4.4, and are as follows; 
 Tropical continental 
 Polar continental 
 Tropical maritime 
 Polar maritime 
 Returning polar maritime 
 Arctic maritime 
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Figure 4.4 – Air masses encountered by the United Kingdom (Met Office, 2012) 
 
The predominant wind direction affecting the UK, and therefore, likely to be affecting 
Bishop’s Cleeve, is the tropical maritime wind from the south-west. The source of this 
air mass is the warm waters between the Azores and Bermuda (Met Office, 2012).  
Weather data collected from a weather station at Wingmoor Farm during this study is 
introduced in Chapter 4 and presented in Chapter 5. The relatively warm climate 
experienced in the Severn Basin compared to the surrounding Midlands area (see 
Figure 4.2) and the ease of access from the Severn River to the Bristol Channel and 
the Celtic sea, may have contributed to the early settlement of the region (Enwright 
and Watts, 2002). With regard to this study, it is important to identify local population 
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centres near Wingmoor Farm, in order to establish who may be at risk from any 
potential nuisance dust emission. 
 
4.4 Local population centres  
Gloucestershire is the 16th largest county in England by area (3, 150 km2) and has the 
20th largest administrative population (approx. 596 984) in England (Office of National 
Statistics (ONS), 2011). Cheltenham (population ca. 115, 000), one of the largest 
population centres in Gloucestershire, lies approximately 5 km south of Wingmoor 
Farm and Bishop’s Cleeve (Figure 4.5). Approximately 2 km to the west of Wingmoor 
Farm lies Stoke Orchard, a village of no more than 20 dwellings (Tewkesbury Borough 
Council, 2006).  
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Figure 4.5 - Wingmoor Farm hazardous waste landfill site location (Adams Hendry, 2011). 
Green, shaded areas represent Green Belt land and the black shaded area represents land 
marked for development. 
 
Closest to Wingmoor Farm is Bishop’s Cleeve (population approx. 10, 000) lying 1 km 
to the east and approximately 6 km north of Cheltenham. There has been almost 
continuous settlement of Bishop’s Cleeve since prehistoric times as shown by the 
unearthing of flints from the Neolithic period, human remains from the Roman period 
M5 Motorway 
Bristol to 
Birmingham 
mainline railway A435 
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(3rd – 4th Century AD), and pottery fragments from the Saxon (5th – 9th Century) and 
Medieval (12th – 15th Century) periods (Enwright and Watts, 2002). The population of 
Bishop’s Cleeve has increased significantly during the past century, from 
approximately 100 houses at the turn of the 20th century (Elrington, 1968) to a 
population of over 10, 000 in 2001 (ONS, 2012). The recent population expansion in 
the area has been significantly influenced by the arrival of a number of major 
employers. 
 
4.4.1 Local industry 
Bishop’s Cleeve is an area that has seen much development and redevelopment over 
the decades. Before the 1930s Bishop’s Cleeve was predominantly a farming 
community, and small-scale sand and gravel extraction processes were also a source 
of employment (Ralls and Ralls, 2010). In 1939 S. Smith & Sons purchased land near 
Bishop’s Cleeve, providing employment to more than 3, 500 employees in the motor 
accessories and watch making sectors (Elrington, 1968). Another population influx 
occurred in the 1980s with the opening of the Eagle Star Insurance building. During 
the same period, Malvern View Industrial Estate was developed on the western fringe 
of Bishop’s Cleeve further adding to the employment opportunities in the area.  
 
To the west of Bishop’s Cleeve, beyond the main Bristol to Birmingham railway line is 
the village of Stoke Orchard. Before the Great Wars, Stoke Orchard was a farming 
community. During the Second World War Stoke Orchard hosted an RAF training base 
(Elrington, 1968). The airfield has since been returned to arable land use. In 1950 a 
coal research facility was also established in Stoke Orchard by the British Coal 
Corporation. Although both the RAF base and coal research establishment are no 
longer operational, Stoke Orchard still hosts a number of small businesses including  
a furniture supplier (Abbey Furnishings Ltd) and Johnsons HR Ltd, a human resources 
advisory organisation. 
 
The area of interest for this study is part of a larger area of land known as the 
Wingmoor Farm Waste Sites (WFWS), which lies between Bishop’s Cleeve and Stoke 
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Orchard, within the Cheltenham Green Belt. It started as a small quarry in 1962 
(Grundon Waste Management Ltd, 2009). The WFWS are bounded to the west, south 
and east by farmland and to the north by Stoke Road. There are eight operational sites 
within the WFWS. Four of these sites are operated by Grundon Waste Management 
Ltd (GWML), and are as follows: 
 Wingmoor Farm West (WFW1), a hazardous waste landfill site; 
 Wingmoor Farm APC Treatment Plant; 
 Wingmoor Quarry, a municipal waste landfill site; 
 Materials Recycling Facility (MRF) and clinical waste storage facility. 
The sites operated by GWML, collectively known as Wingmoor Farm Integrated Waste 
Management Facility (East) (from now on referred to as Wingmoor Farm East (WFE)) 
comprise the key areas of interest in this study and will be discussed in more detail 
shortly. There are four other sites further west of WFE. In this study these are referred 
to as Wingmoor Farm West (WFW2). WFW2 and WFE are separated by the main 
Bristol to Birmingham railway line. Two of the sites within WFW2 are operated by Cory 
Environmental (Gloucestershire) Ltd and include: 
 Wingmoor Farm municipal waste landfill; 
 Wingmoor Farm composting and storage. 
A household recycling centre operated by May Gurney and a paper and cardboard 
storage centre operated by Printwaste recycling Ltd are also situated within WFW2 
(EA, 2011).  
 
4.4.2 Wingmoor Farm East (WFE) site development 
The first development in WFE was the extraction of sand and gravel from Wingmoor 
Quarry in 1962 by the Gloucestershire Sand and Gravel Company (GSGC) Ltd 
(GWML, 2009). Permission for the restoration of the quarry by waste tipping was given 
to GSGC in 1979. Planning permission for the extraction of sand and gravel from the 
adjacent Wingmoor Farm (a subdivision of WFE and now known as WFW1 (not to be 
confused with WFW2)), and restoration by waste tipping was given to GWML in 1989 
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(GWML, 2009). Permission for a waste treatment facility and hazardous waste 
disposal was granted in 1994. Joint permission for the restoration of WFW1 and 
Wingmoor Quarry by waste tipping was granted in 1996. Wingmoor Quarry was 
purchased from the Gloucestershire Sand and Gravel Company in 2002 by GWML, 
and integrated into Wingmoor Farm to create the overarching WFE.  
As of 2009, over 2,945,000 m3 of void space was available for the disposal of municipal 
waste. Over 1 287 000 m3 of void space was also available for hazardous waste 
disposal (GWML, 2009). Permission for waste tipping and site restoration at WFE was 
to end in May 2009. An application for the extension of the site’s operating life was 
proposed by GWML (GWML, 2009) and was granted in 2011 (EA, 2011). Tipping of 
hazardous waste is proposed to cease in 2027 and of municipal waste in 2029. The 
site is to be fully restored by 2030 (GWML, 2009). The application notes that there is 
approximately 24, 000 m3 of sand and gravel available for extraction on site and 
proposes to extract a further 1,350,000 m3 of clay. Of this clay, 432,000 m3 is intended 
for export and the remainder used on-site for cell engineering (GWML, 2009). 
Currently there are four environmental permits in place at WFE for the treatment and 
disposal of wastes (EA, 2011): 
 Permit BU3671IY permits the acceptance of 120,000 tonnes of hazardous 
waste per year for disposal on WFW, and 30,000 tonnes of inert waste to be 
used as cover during the same period; 
 Permit MP3531UM, the second permit covering Wingmoor Quarry Landfill Site, 
(a municipal waste landfill site), allows 250 000 tonnes of non-hazardous waste 
per year to be disposed of to landfill; 
 Permit NP3831ST allows the treatment of air pollution control residue on site at 
Wingmoor Farm’s waste treatment facility; 
 Permit EPR/DP3392LN allows the operation of a materials recycling facility at 
Wingmoor Farm. This facility has been fully operational since 2010 (GWML, 
2009). 
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4.4.2.1 Site activity 
Municipal and hazardous waste is disposed of at WFE by tipping into designated 
cavities excavated in the underlying Lias, known as waste cells. Hazardous waste cell 
development and progression will proceed until 2027, from cell A to D and municipal 
waste from cell 1 to 9 until 2029 (Figure 4.6). The area to the north of cell 9a and to 
the west of cell B were previously hazardous waste disposal cells and the area to the 
west of cell 8 and north of 1a were previously municipal waste disposal cells. The 
continuing development of municipal and hazardous waste cells since mid 2008 at 
Wingmoor Farm is shown in Figure 4.6. 
 
Figure 4.6 – Planned hazardous and municipal waste cell progression from 2009 (GWML, 2009). 
 
The development of each cell for the disposal of hazardous or municipal waste, follows 
a set pattern: 
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 Stage 1 – Topsoil removal; 
 Stage 2 – Extraction of the underlying sand and gravel;  
 Stage 3 – Excavation of Lias clay to form waste cell.  
 Stage 4 – Waste disposal; 
 Stage 5 – Cell capping. 
These stages are shown in Figure 4.7. Stages 1 to 3 require the stripping, excavation 
and stockpiling of material at designated areas around WFE. During Stage 4 waste is 
disposed of to the cell; a process which may continue for up to 2 years, which is then 
capped in Stage 5 by placing a geo-synthetic barrier over the cell to minimise leaching 
of gases into the environment. A clay cap is then placed over the barrier to prevent 
water infiltration into the cell. Finally, a layer of soil is placed on top of the clay, which 
is then seeded with natural plants and grasses to restore the area to a visually ‘natural’ 
state. 
56 
 
 
Figure 4.7 - Wingmoor Farm site activities (Co-ordinates identified by Easting and Northing) 
(Adams Hendry 2009) 
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4.4.2.2 Waste management 
Municipal waste and hazardous waste are handled differently before disposal at WFE. 
Municipal waste is brought on to site in refuse collection trucks. This waste is not pre-
treated and goes directly to the cell. Only wastes within defined criteria H4 – H7 of the 
Hazardous Waste Directive are permitted to be disposed of to WFW1. These are; 
 H4: Irritant; 
 H5: Harmful; 
 H6: Toxic; 
 H7: Carcinogenic. 
Of particular interest to this study is APC, which was described in detail in Chapter 2. 
75,000 tonnes per annum of APC is permitted for disposal at WFE. In 2001, 32,479 
tonnes of APC were disposed here, accounting for 43 % of the total APC disposed of 
to landfill in England and Wales that year (Macleod et al., 2006). 
APC is brought on to WFE in sealed aluminium vacuum tankers. This APC originates 
from five ‘Energy from Waste’ (EfW) sources. Three of these sources (Slough Heat 
and Waste incinerator, the Allington Quarry incinerator, and the Greater Manchester 
Waste incinerator) incinerate municipal waste:. Lockerbie incinerator, owned by E.On 
Ltd, incinerates local wood and oven-dried sawmill waste, whilst Kemsley incinerates 
waste paper and pulp. An archimedes screw and vacuum system allows the APC from 
within the tanker to be unloaded into one of four short-term storage silos on WFE. 
There it is mixed with waste liquids and landfill leachate (known as conditioning) to 
produce a more stable material which helps to minimise dust. The conditioned APC is 
then discharged into dumper trucks before being transported and tipped into a waste 
cell and compacted using a bulldozer (GWML, 2009).  
 
4.4.2.3 Stakeholders 
Due to the disposal of APC at Wingmoor Farm a local pressure group, Safety in Waste 
and Rubbish Disposal (SWARD) formed, consisting of residents from Bishop’s Cleeve, 
Stoke Orchard, and a number of other communities in the area. SWARD’s stated aim 
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is ‘to safeguard the health of residents and the environment by ensuring safety in 
waste and rubbish collection, treatment and disposal in Gloucestershire’. They are 
also opposed to incineration as a means of waste disposal. SWARD applies 
considerable pressure on GWML to demonstrate its ability to control APC dispersal 
into the local environment, and to demonstrate that APC will not affect the local 
community. 
 
4.5 Dust sources 
Although APC dust is the main concern in the local community, a number of other dust 
sources from WFE and off-site, may also contribute dust to the environment. These 
potential sources are identified and discussed in the following section. 
 
4.5.1 Potential on-site dust sources 
As noted previously in Chapter 1 dust can be generated through natural and 
anthropogenic processes. All five stages of cell development and waste disposal have 
the potential to generate dust at various locations across site, at differing times and 
from differing materials. The potential areas of dust generation on WFE are described 
here. 
 
4.5.1.1 Sand and gravel 
The size of sand and gravel particles (0.06 mm – 60 mm) is such that it requires 
significant energy for their suspension, entrainment and dispersion (Pye, 1987); 
however smaller particles requiring less energy are likely to be present. Huntsman’s 
Sand and Gravel Company, located on WFE (E393850, N227400), may contribute 
dust to the atmosphere, owing to the exposed stockpiles existing around its site. 
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4.5.1.2 Site Pedology 
Topsoil is a mixture of clay, sand and gravel consisting of particle sizes spanning ≤ 
0.002 mm – 2 mm. All stockpiles of topsoil on WFE are vegetated. Some topsoil dust 
dispersion may be expected when cell capping or topsoil stripping takes place.  
 
4.5.1.3 Lias Clay 
Clay, comprising particles ≤ 0.002 mm (BS5930: 1999) may contribute significantly to 
dust levels in the surrounding area. Numerous clay stockpiles are present on site and 
are exposed to possible wind erosion because they are not vegetated. Similarly, 
recently excavated cells are exposed to wind erosion. Erosion may also affect the cell 
walls of active landfill cells, thus contributing fine clayey particulates to the 
environment. 
 
4.5.1.4 APC 
There are three potential sources of APC dust on site: the APC treatment plant, the 
hazardous waste landfill cell (the largest source of APC on WFE by area) and the 
interconnecting haul road. APC is transported from the treatment plant to the landfill 
waste cell in 25 tonne dump trucks before being tipped into the cell, bulldozed and 
then compacted.  
APC may be dispersed into the atmosphere at the APC treatment plant (Figure 4.7: 
E393750. N227450) as it is released from the silos down a chute into the dumper 
trucks below. Re-suspension of APC (due to wind action) may also occur from 
spillages underneath the chute and from direct wind action on any exposed material 
in the dump trucks. If spillages occur, APC may be re-suspended by wind and / or 
vehicle movements. The tipping and bulldozing may cause suspension of APC, whilst 
the large surface area of the cell may allow wind to suspend and disperse the material. 
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4.5.2 Potential off-site dust sources 
WFE is likely to not be the only source of dust in the area. A number of other operations 
within close proximity to Bishop’s Cleeve and WFE may contribute dust to the local 
environment. These are detailed in the next section. 
 
Wingmoor Farm West (WFW2) 
The unmade haul roads leading up to the waste cell on WFW2 may contribute dust to 
the surrounding area through track-out from the landfill site and re-suspension of this 
material. The composting facility at WFW2 may also be a source of dust. 
The household recycling site operated by May Gurney and the Printwaste recycling 
facility are not thought to contribute dust to the surrounding area as both processes 
occur within buildings. However vehicles travelling to and from both these 
establishments may be contributing to the re-suspension of particulates deposited by 
track-out from the WFW2 landfill site. 
 
4.5.2.1 Local Pedology 
During various phases of agricultural practice (ploughing, seeding, and harvesting) 
four fields surrounding Wingmoor farm are left bare of vegetation, exposing the topsoil. 
These fields are situated at the following locations, and can be identified in Figure 4.7, 
centred on the following co-ordinates: 
 E393800, N227900 
 E394000, N227800 
 E393800, N228000 
 E394000, N228300 
During these periods of topsoil exposure, dust may be generated and dispersed into 
the surrounding area.  
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4.5.2.2 Malvern View industrial estate 
Between WFE and Bishop’s Cleeve lies Malvern View industrial estate (E394550 
N227660), where numerous small businesses are located. These businesses and 
primary operations are shown in Table 4.1 
Table 4.1 - Malvern View Industrial Estate businesses and primary operations 
Company Name Primary Operation 
PKL Group Ltd Hire-out of catering 
equipment 
Edgewest Plastics Ltd Injection moulding 
Elliott and Sons Ltd Sand and gravel suppliers 
Reyton Metals Ltd Import and export of non-
ferrous metals 
Extrusion form tools Ltd Aluminium extrusion die 
manufacturing 
TRI Ltd Enamelling and lacquering 
 
Of the businesses listed at Malvern View industrial estate, Elliott and Sons Ltd, a sand, 
gravel and shingle supplier, may contribute particulates to the surrounding area, as all 
material is kept outside in stockpiles. Other businesses may contribute track-out from 
their premises in some form; however this is not thought to contribute significantly to 
dust levels. 
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4.5.2.3 Stoke Road 
Stoke Road may contribute particulates to the atmosphere through the wear and tear 
of the road surface (Hamzah et al., 2011). Vehicle undercarriage and tyre abrasion 
may also contribute dust to the surrounding environment (Garg et al., 2000). Vehicles 
entering or leaving WFE, WFW2 and Malvern View Industrial Estate may all track-out 
dust on to Stoke Road. This material may in turn contribute to re-suspended dust. 
Dust from all of these potential sources may impact on sensitive receptors within the 
local area. These potential receptors are identified in the following section. 
 
4.6 Local receptors 
As noted previously, WFE is situated near a number of population centres. Table 4.2 
demonstrates the level of risk posed to local receptors from earthworks activities 
(including landfill activities) on WFE based on their distance from the site, as described 
by IAQM (2012).  
 
Table 4.2 - Nearest potential receptors and associated nuisance dust risk 
Dust Nuisance Risk Receptor Location 
 
Nearest dust 
source 
Direction to dust 
source 
High (≤ 20 m) Pussy Willows 
Cattery 
E393400, 
N227850 
Clay haul road East 
High (Between 20 m and 
50 m) 
Court Farm E393450, 
N228000 
Clay haul road South-east 
Medium (Between 50 m 
and 100 m) 
Clay shooting 
club 
E393400, 
N227250 
Soil stockpile South-east 
Medium (Between 100 m 
and 200 m) 
Haydn (private 
residence) 
 
E394200, 
N227650 
Municipal waste 
landfill 
 
South 
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Bishop's 
Cleeve rugby 
club 
E394450, 
N227500 
Municipal waste 
landfill 
 
South-west 
 
Low (Between 200 m and 
350 m) 
Malvern View 
Industrial Park 
E394500, 
N227600 
Municipal waste 
landfill 
South-west 
 
According to IAQM (2012) track-out may impact receptors up to 500 m from the 
entrance of a large site. Track-out from WFW1 hazardous waste landfill site is more 
likely to encroach on Haydn (100 m) and Malvern View Industrial Park (200 m) 
because of their relative proximity to the site entrance. The track-out from Wingmoor 
Quarry may impact Haydn (< 50 m), Malvern View Industrial Park (< 50 m) and a 
number of houses to the west of the A435, in particular, the houses on the northern 
edge of Stoke Road and the houses between Stoke Road and Stoke Orchard Road. 
However, at a distance of between 350 m – 500 m the risk of impact on these receptors 
is low (IAQM, 2012). 
 
4.7 Dust suppression and control methods 
GWML employs several different dust suppression techniques at WFE: 
 To minimise the amount of mud being tracked out on to Stoke Road, vehicles 
leaving both entrances to WFE use a wheel wash to remove any mud from their 
wheels and undercarriages. 
 The hazardous waste landfill entrance to WFE has a wheel spinner (E393900 
N227400) which is used to remove loose mud from the wheels of vehicles prior 
to the wheel wash. 
 A road sweeper is driven around the concrete haul roads of WFE, removing 
mud and waste. It is used to remove dust from metalled haul roads around the 
site, and from Stoke Road directly outside WFE. This is used continuously 
throughout the year. 
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 During prolonged periods of dry weather a bowser filled with water is driven 
around the haul roads of WFE and across the waste cells in an effort to 
minimise dust suspension by dampening the ground. 
 Excavated topsoil and clays stored in stockpiles are immediately seeded to 
encourage plant growth, which is aimed at reducing the amount of excavated 
material available for suspension and dispersion. 
 Both hazardous and municipal waste is brought on to site in sealed containers. 
Municipal waste is immediately disposed of to landfill, however APC requires 
additional treatment before disposal, partially to control dust levels prior to 
disposal in the cell. 
 APC is treated by mixing it with landfill leachate in order to reduce the amount 
of APC available for suspension and dispersion once disposed of to landfill. 
 The treatment plant loading area (where APC is released through a chute into 
dump trucks) is enclosed to the north, west and east by a steel wall to prevent 
APC from being dispersed from the loading chute. The south facing side of the 
treatment plant is left open, allowing the dump trucks to enter and be filled. 
Despite these precautions several local residents and SWARD remain anxious about 
the potential health impact of APC on the local community. As a result of this and the 
most recent request to extend the site’s life, several studies focusing on APC and the 
impact on local communities at and near Wingmoor Farm were commissioned. These 
will be discussed in the next section. 
 
4.8  Wingmoor Farm APC health assessments  
4.8.1 NHS Gloucestershire – Bishop’s Cleeve Neighbourhood Health Profile 
A report published by the Gloucestershire NHS Trust (2010) compared the rate of 
asthma, cancer, heart disease and mortality of residents within a 3 km zone around 
Wingmoor Farm, with the rates recorded of those living in the wider areas of 
Tewkesbury (local authority area) and Gloucestershire. It was found that there was no 
statistical difference between incidences of cancer and heart disease in the wider area 
and those found within the Wingmoor Farm 3 km area. Mortality rates were also not 
65 
 
statistically different between areas in any age group. There was a higher rate of 
asthma-related GP visits recorded within the Wingmoor Farm 3 km zone (7 %) 
compared to the county of Gloucestershire as a whole (6.2 %). However the authors 
concluded that the health of residents within the 3 km zone did not differ markedly with 
residents in other areas of Gloucestershire. 
 
4.8.2 Health Protection Agency (HPA) Partisol study (2010) 
The purpose of this study was to determine concentrations of dioxins, furans, PCBs 
and a number of heavy metals present at Wingmoor Farm Treatment Facility, and 
compare these concentrations with air quality guidelines and standards. 
From the analysis of filters collected using a Partisol sampler, it was found that levels 
of exposure to both dioxins and furans were well below the World Health 
Organisation’s (WHO) air quality level of 0.3 pg m-3. Estimated concentrations of PCBs 
at the APC Treatment Facility were below urban PCB levels of 3 ng m-3. 
Concentrations of a number of metals (Cd, Ni, Cu and Zn) were not at concentrations 
detrimental to human health. Cr, in particular hexavalent chromium (Cr(VI)), was found 
in concentrations likely to generate a risk of developing cancer in 1: 100 000 to 1: 1000 
000 following a lifetime of exposure. PM10 levels were measured at 37 µg m-3 as a six 
month average; less than the annual mean threshold national air quality standard of 
40 µg m-3 (DEFRA, 2007). Daily concentrations were not determined and thus 
comparisons with daily national air quality standards were not possible. 
 
4.8.3 Greenfield Science APC dispersion study 
A study of road sweepings and roadside foliage was conducted by Greenfield Science 
to determine whether APC was present on Stoke Road. Analysis of each sample was 
performed using scanning electron microscopy with energy dispersive x-ray analysis 
(SEM-EDAX). The presence of elevated levels of calcium was used as a proxy for 
APC.  
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Dust on the upper surface of leaf samples collected directly outside WFW1, and 
analysed using SEM – EDAX, was determined to have a similar composition to APC. 
Dust on the underneath of the leaf was found to have a similar chemical composition 
to local soils. Kerbside samples collected along Stoke Road from Stoke Orchard to 
Bishop’s Cleeve showed elevated calcium levels compared to the rural background. 
The conclusion of this study was that APC had been aerially dispersed from Wingmoor 
Farm and was being transported along Stoke Road towards both Bishop’s Cleeve and 
Stoke Orchard. 
As stated by the Health Protection Agency (HPA) (2010) the presence of a chemical, 
element, or compound in the environment does not always lead to exposure. The 
studies carried out by the HPA and by Greenfield Science provide valuable information 
on both APC dispersion and the potential health effects of its constituent parts.  
 
4.8.4 Macleod et al (2006) exposure modelling study 
A theoretical modelling study conducted by Macleod et al., (2006) using the American 
Meteorological Society / Environmental Protection Agency Regulatory Model 
(AERMOD) sought to determine the impact of APC and its constituents on the local 
community, using a worst case scenario. Concentrations of four heavy metals (As, Pb, 
Cd, and Cr), dioxins and furans found in APC, were modelled to assess the health risk 
to the local population from inhalation and ingestion. It was calculated that the 
probability of exposure to As, Pb, Cd, and Cr, and dioxins and furans, through both 
airborne inhalation and ingestion pathways, was medium for residents local to 
Wingmoor Farm, but that the consequences of ingestion and inhalation were severe 
(Table 4.3). 
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Table 4.3 - Summary of key pollutant linkages identified from a qualitative risk screening exercise 
(Macleod et al., 2006) 
 
Although theoretical modelling allows the development of worst case scenarios for 
APC dispersal, by its nature it is unlikely to reflect true dispersal levels around 
Wingmoor Farm.  
Although these four studies have assessed in various ways the potential impact of the 
APC at WFE on the health of the surrounding communities, none have attempted to 
empirically determine the movement of APC from WFE throughout all seasons in order 
to create a comprehensive view of its dispersion into the surrounding environment. 
This is the purpose of the current study and the following chapter sets out its 
methodology. 
 
4.9 Summary 
The study site, Wingmoor Farm, is located within the River Severn basin within the 
county of Gloucestershire. The site’s geology is primarily that of Blue Lias clay overlain 
with sand and gravel. The site experiences an oceanic climate and winds arise 
predominantly from the south-west. The nearest population centre to Wingmoor Farm 
was identified as Bishop’s Cleeve, although several individual properties were 
identified as being closer. It was also identified that the main sources of dust on site 
were primarily APC, clay and soil, however other smaller sources were likely to be 
present. Furthermore it was noted that previous studies focusing on potential inhaled 
and ingested dust have not found any association between these pollutants and health 
impacts, although no assessment of nuisance potential or empirical assessment of 
No.
Source of 
hazard Pathways Receptors
Probablity of 
Expoure Consequences
Interim 
Qualittive risk 
characterisation
Justification for interim risk 
characterisation
1 PCDD/Fs
Inhalation of 
airborne dusts
Local 
residents/worker
s Medium Severe High
Direct pathway, high load, 
assumes close proximity to 
site and outdoor 
exposure,high potency
2 PCDD/Fs
Incidental 
ingetion of soil, 
dust
Local residents, 
particuarly 
children Medium Severe High
Indirect pathway, low load, 
dispersion but local 
hotspots, limited intake, 
high potency
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dispersion has been made. The next chapter focuses on the sampling, collection and 
analysis techniques employed during this study. 
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5 Sampling and sample preparation 
 
5.1 Introduction 
Initially, this chapter describes the development of a sampling array and the sampling 
instrument used. Within this, the collection, sample handling, processing and analysis 
of each sample required for the determination of % AAC and % EAC is detailed. 
Furthermore, the means of sub-sample selection is illustrated before the laboratory 
preparation required for ICP-MS analysis is described. On-site collection of additional 
data including meteorology and vehicle movement is also described. 
 
5.2 Dust sampling methods 
As discussed in Chapter 2, the DustScan DS100 dust monitor was chosen as it 
provides directional sampling at a 15° resolution and retains the dust sampled, thus 
allowing geochemical analysis of the collected dust. The following section describes 
the development of the sampling array and the sampling method used to collect dust 
in flux.  
 
5.2.1 Sampling equipment 
Each DS100 is constructed from a 1.7 m wooden post fitted inside a plastic downpipe 
casing, on top of which the sampling head is attached. Each sampling head comprises 
a rain cap, mounting cylinder and a ‘sticky pad’. The device is shown below in Figure 
5.1.  
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Figure 5.1 - DustScan DS 100 sampler (DS4) in the field 
 
The sticky pad comprises three principal layers; a transparent PVC film, a permanent, 
cross-linked polymer acrylic adhesive and a silicone-coated paper liner (Farnfield and 
Birch, 1997). Each sticky pad has an area of 297 mm x 219 mm, with a sampling area 
of 217 mm x178 mm scored into the centre. 6 mm diameter holes are pre-punched 
into each sticky pad to allow fitting to two pegs on a 70 mm diameter mounting cylinder 
(Datson and Fowler, 2007). Either end of the sticky pad is held in place by inserting 
each into a 280 mm slot in the cylinder. 
 
Sampling head 
Stand 
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5.2.2 Monitoring array design 
A sampling array was designed with the aim of collecting wind-blown dust on and 
around Wingmoor Farm. An array radiating from the main area of concern, the 
hazardous waste cell, towards the main receptor, along the green lines shown in 
Figure 5.2 was devised in discussion with academic and industrial supervisors. 
Placement of monitors precisely along these lines was inhibited by land ownership 
rights and ease of access to each monitor. Figure 5.2 shows the final location of 19 
DS 100s following re-adjustment of the initial design in light of consultation with local 
landowners and other practicalities. 
 
 
Figure 5.2 - Original sampling array (green lines), and final sampling locations (red circles) at 
and around Wingmoor Farm. 
 
Bishop’s 
Cleeve 
Original planned sampling 
array 
Final 
sampling 
locations 
(red dots) 
Hazardous waste 
landfill cell at 
beginning of study 
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Each DS 100 used in this study was positioned in the field and aligned to magnetic 
north using a compass (Datson and Birch 2006). Once installed the paper liner was 
removed, exposing the adhesive (the sampling medium onto which windblown dust 
adheres) to the environment. A small reference area at either end of the sticky pad 
remained unexposed, to be used later during scanning, analysis and blank correction 
procedures. 
Of the 19 directional dust monitors (numbered DS 1 to DS 19), 15 were deployed to 
the north and north east of the site between the hazardous waste processing and 
disposal areas and Bishop’s Cleeve, along the arrays. An additional 4 were deployed 
to the south and south west of the site, between the hazardous waste processing and 
disposal areas and WFW2 (DS 2 and DS 3), and arable land to the south (DS 5 and 
DS 6) to identify any contribution from these potential sources. Table 5.1a and Table 
5.1b , lists their exact co-ordinates. 
 
Table 5.1a - North and north-east dust monitoring locations 
North and north-east monitoring locations 
Monitoring Point Easting Northing 
DS 1 393842 227712 
DS 4 393753 227523 
DS 7 393986 227406 
DS 8 394015 227305 
DS 9 394144 227562 
DS 10 394560 227557 
DS 11 394908 227709 
DS 12 393724 227916 
DS 13 393789 228097 
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DS 14 394204 227894 
DS 15 394769 227943 
DS 16 394140 228110 
DS 17 394315 228280 
DS 18 393923 228323 
DS 19 394908 228390 
 
Table 5.1b - South and south-west dust monitoring locations 
South and south-west dust monitoring locations 
Monitoring Point Easting Northing 
DS 2 393481 227902 
DS 3 393482 227642 
DS 5 393753 227211 
DS 6 393908 226998 
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 Table 5.2 - Monitoring period start and end dates 
Monitoring Period Start Date End Date 
Monitoring period 1 26/10/2007 09/11/2007 
Monitoring period 2 09/11/2007 23/11/2007 
Monitoring period 3 23/11/2007 07/12/2007 
Monitoring period 4 07/12/2007 21/12/2007 
Monitoring period 5 21/12/2007 04/01/2008 
Monitoring period 6 04/01/2008 18/01/2008 
Monitoring period 7 18/01/2008 01/02/2008 
Monitoring period 8 01/02/2008 15/02/2008 
Monitoring period 9 15/02/2008 27/02/2008 
Monitoring period 10 27/02/2008 14/03/2008 
Monitoring period 11 14/03/2008 28/03/2008 
Monitoring period 12 28/03/2008 11/04/2008 
Monitoring period 13 11/04/2008 25/04/2008 
Monitoring period 14 25/04/2008 09/05/2008 
Monitoring period 15 09/05/2008 23/05/2008 
Monitoring period 16 23/05/2008 06/06/2008 
Monitoring period 17 06/06/2008 20/06/2008 
Monitoring period 18 20/06/2008 04/07/2008 
Monitoring period 19 04/07/2008 18/07/2008 
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Monitoring period 20 18/07/2008 01/08/2008 
Monitoring period 21 01/08/2008 15/08/2008 
Monitoring period 22 15/08/2008 29/08/2008 
Monitoring period 23 29/08/2008 12/09/2008 
Monitoring period 24 12/09/2008 26/09/2008 
Monitoring period 25 26/09/2008 10/10/2008 
Monitoring period 26 10/10/2008 24/10/2008 
 
The collected samples were transported back to a site laboratory at Wingmoor Farm 
where they were removed from the transport flasks and the sticky pad detached from 
the mounting cylinder. The sticky pads were individually sealed using A4 transparent 
polyethylene tetraphthalate (PET) laser printer film sheets and pressed flat using a 
plastic lino roller. The remainder of the paper liner was removed allowing a total 
encapsulation of the sample (Datson and Fowler, 2007) and providing a reference 
area for computer analysis (Datson and Birch, 2006) (detailed below).  
 
5.3 Indicator monitors 
Although all monitors deployed in the array were important in assessing the extent of 
APC dispersion to the surrounding area, several of these monitors were in ‘indicator 
locations’. These indicator monitors are positioned near receptors in order to assess 
the potential impact of dust, and in particular APC, on each. These are as follows: 
 DS 2 is positioned in order to assess the contribution of dust from Wingmoor 
Farm East (WFE) in the direction of Pussy Willows – the closest off-site 
receptor; 
 DS 15 is positioned in order to assess the contribution of APC to the 
westernmost housing estate of Bishop’s Cleeve; 
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 DS 3 is positioned in order to assess the contribution of dust from Wingmoor 
Farm West (operated by Cory Environmental Ltd) to Wingmoor Farm East.  
 DS 10 is positioned in order to assess the contribution of road dust to its nearby 
environment and to determine the proportion of road dispersed APC at this 
location.  
Following sampling intervals of ideally no more than 14 days, the mounting cylinders 
were carefully removed from each monitor and placed in transport flasks to avoid 
contamination and a replacement sampling head was fitted (Datson and Birch 2006). 
As shown in Table 5.2, samples were collected between 26th October 2007 and 24th 
October 2008. 
 
5.4 Additional sampling and on-site data collection 
In addition to the fortnightly collection of directional dust samples, several other 
samples were collected at the beginning of the study. These were: 
 Unconditioned APC from the following five sources: 
o Allington Quarry Waste Management Facility (municipal waste 
incinerator); 
o Kemsley Mill (Waste paper incinerator); 
o Greater Manchester Waste Ltd – Bolton (municipal waste incinerator); 
o Slough heat and Power (municipal waste incinerator); 
o Lockerbie (municipal waste incinerator). 
 Local background soils (topsoil and clay). 
Additional on-site data were recorded, as follows: 
 Meteorological conditions; 
 PM10 dust monitoring data; 
 Site diary (e.g. dust suppression use, cell operations, site vehicle movements). 
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The collection of end-member samples and the recording of additional on-site data is 
discussed below. 
 
5.4.1 “End-member” sample collection 
As discussed previously, dust can be suspended and entrained by mechanical action 
on a material. When determining an important contributor to any dust found in 
samples, knowing the composition of the source material i.e. the end members is key. 
At Wingmoor Farm APC samples, soils and clays are the most likely dust sources due 
to their prevalence. These sources form the basis of each mixing model, discussed in 
more detail in Chapter 5. 
Unconditioned APC samples were obtained from APC delivery tankers before it was 
pumped into the APC storage silos. A long-handled plastic shovel was used to remove 
ca. 2 kg of APC through a hatch on the top of the tanker. It was then placed into a 4 L 
plastic bucket for transport to the site laboratory. A 50 g sub-sample from each of the 
five sources was placed in individual labelled self-sealing plastic bags. The remaining 
APC was returned to the tanker for transfer to the APC storage silos.  
Local soils were sampled in two locations on site. Ca. 0.020 kg of topsoil was collected 
from a soil stockpile (E 393500 N 227680) at the west of the site. Ca. 0.020 kg of clay 
was taken from a clay stockpile (E 393690 N 227400) also at the west of the site. 
Samples were collected from a depth of 2-5 cm. Initially the top layer of soil / clay was 
removed using a plastic trowel. The trowel was subsequently cleaned using tap water 
and detergent in order to minimise contamination and reused to remove each sample. 
The collected samples were placed in labelled, self-sealing plastic bags.  
 
5.4.2 Meteorological data collection 
Hourly meteorological conditions for the duration of the study were recorded using a 
Davis Vantage Pro2 Weather Station. The weather station was positioned 
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approximately 20 m to the west of the site offices, near the main entrance to Wingmoor 
Farm West. The conditions recorded were as follows: 
 Mean temperature (°C);  
 Maximum temperature (°C);  
 Rainfall (mm);  
 Average wind speed (ms-1);  
 Maximum recorded wind speed (ms-1); 
 Wind direction.  
 
5.4.3 PM10 dust monitoring and data collection 
Two battery powered DS 500 PM10 samplers operating with an airflow of 5 l min-1 were 
deployed during the study to measure PM10 levels both on site at DS 2 and off-site at 
DS 17. The filters used were conditioned in a desiccation chamber where 
temperatures range from 10 °C to 20 °C and humidity was maintained at 60 % ± 5 %. 
The filters were weighed before sampling, then conditioned and re-weighed to 
determine the mass of PM10 collected on the filter.  
 
5.4.4 Vehicle movement data collection 
The number of APC dump truck movements between the hazardous waste landfill cell 
and the APC treatment plant was recorded by the APC plant operator daily (Monday 
to Friday) from February 1st 2008 until August 31st 2008. A return trip constituted one 
movement. 
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5.4.5 APC tonnage records 
The tonnage of APC accepted at Wingmoor Farm from each source was noted from 
the weighbridge records fortnightly throughout this study. 
 
5.4.6 Site diary 
A site diary was used to record a number of parameters on a daily basis (Monday to 
Friday) throughout the monitoring period, as follows: 
 Areas of present cell excavation; 
 Areas of waste disposal activity; 
 Areas of cell restoration; 
 Use of dust suppression; 
 Off-site activity of note such as harvesting and ploughing. 
The additional on-site data contributed to the interpretation and understanding of dust 
dispersion at Wingmoor Farm, presented in Chapter 6 and discussed in Chapter 7. 
 
5.5 DustScan dust analysis methodology 
Following encapsulation at the site laboratory, samples were transported to DustScan 
Ltd’s offices where the first stage of dust source apportionment (the directional 
determination of AAC and EAC) was performed. This method is described below. 
Samples were ascribed an unique reference number before any further processing 
occurred (Figure 4.3). 
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5.5.1 AAC and EAC determination 
 An Epson Expression 1680 Pro. scanner along with Epson Scan 3.04 image 
acquisition software were used to generate an image of each sample. Each image 
was acquired by scanning in reflected light at 50 dots per inch (d.p.i) and in 8-bit 
greyscale (Datson, 2010). Images were then saved as a Tagged Image File Format 
(.TIFF) file prior to absolute area coverage (% AAC) and effective area coverage (% 
EAC) analysis using bespoke DustScan software (Datson and Birch, 2007).  
As described in Chapter 1, % AAC was determined by the number of shaded pixels 
and % EAC was calculated as the percentage of the maximum darkness per column. 
Both % AAC and % EAC results of each dust monitor per monitoring period per 15° 
segment (totalling 360°) were displayed visually as dust-rose plots, as shown in Figure 
5.3.  
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Figure 5.3 – DustScan AAC and EAC nuisance dust report and nuisance potential matrix 
 
5.5.2 Sub-sampling protocol 
Before chemical analysis, ‘arcs of interest’ were identified from which sub-samples 
were removed. The arcs of interest were determined based on the location of each 
monitor and the bearings between it and the possible APC propagation sites at 
Wingmoor Farm. Within these arcs of interest the 15° segment reporting the highest 
% AAC levels was excised from each sticky pad using a bespoke cutting template and 
a stainless steel razor blade, in preparation for geochemical analysis. If a number of 
% EAC (top) and % AAC (bottom) 
directional dust roses. 
Client, site name and monitoring 
period. 
% EAC and % AAC per 15° 
segment per day 
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segments within the arc of interest recorded equally high % AAC, then the highest % 
EAC was used to select the sub-samples. Table 5.3 lists the arcs of interest for each 
monitor. A list of the sub-sampled arcs for each monitor during each monitoring period 
can be found in appendix tables H.1a and H.1b. 
Table 5.3 - Arcs of interest for each monitoring point 
Monitoring point Arc of interest (°) 
DS 1 180 – 315 
DS 2 090 – 165 
DS 3 000 – 150 
DS 4 165 – 330 
DS 5 315 – 015 
DS 6 300 – 360 
DS 7 255 – 345 
DS 8 270 – 345 
DS 9 225 – 315 
DS 10 240 – 300 
DS 11 195 – 315 
DS 12 150 – 270 
DS 13 165 – 240 
DS 14 195 – 285 
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DS 15 225 – 285 
DS 16 195 – 270 
DS 17 195 – 255 
DS 18 165 – 240 
DS 19 210 – 270 
 
5.6 ICP-MS analysis: sample preparation 
The sub-sampled 15° segments chosen for each sample and a section from each 
sample’s respective reference area (both 9mm x 80mm), were excised (Figure 5.4), 
dissected and placed in 25 ml Teflon beakers, approx. 35 mm in diameter. 
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Figure 5.4 - Sub-sampled sticky pad with excised sample, within noted arc-of-interest, and 
reference area sections 
 
Sticky pad samples were subjected to a strong acid attack using 3 ml of 70 % trace 
metal grade nitric acid (HNO3) and 3 ml of 57-61 % trace metal grade hydrofluoric acid 
(HF) per sample (modified after standard dissolution methods as described by Chao 
and Sanzolone, 1992). The solution was then slowly heated to approximately 80°C, 
allowing a gentle evaporation to incipient dryness over approximately two hours. A 
further 3 ml of 70 % HNO3 (again trace metal grade) was then added to each sample 
before complete evaporation over circa one hour. 20 ml of 2.5 % HNO3 was then 
added and the solution allowed to stand overnight, before 10 ml was decanted into a 
15 ml centrifuge tube for storage prior to ICP-MS analysis.  
Unconditioned APC residues collected from each source and local soil samples 
collected around site were weighed to approximately 0.05 g and placed in Teflon 
Sample sub-section 
DS 4 arc-of-interest 
Reference area sub-
section 
 
Unique DustScan 
reference 
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beakers. These samples underwent the same acid digestion procedures as the sticky 
pad sample. 
As well as preparing and processing samples and end-members, 15 samples from two 
certified reference materials (CRMs) were also processed. CRMs were used in order 
to constrain method accuracy and precision. This will be discussed in more detail in 
the following chapter.  
The National Institute of Standards and Technology (NIST) soil reference material 
2710 (Montana contaminated soil) and United States Geological Survey (USGS) SCo-
1 (Cody Shale) were used, (referred to as Montana and SCO-1 respectively herein), 
since between them their elemental composition spans the concentration range of the 
elements selected for analysis. 
 Both Montana and SCO-1 sticky pads were prepared in the following manner: 
 A DustScan directional sticky pad was placed on a clean work surface and the 
paper liner removed; 
  A CRM was dispensed via a 75 µm sieve ca. 10cm above the exposed sticky 
pad to a uniform dusting density;  
 An acetate sheet was then applied to the sticky pad to seal the CRM sample; 
 The sticky pad was then sub-sampled (9 mm x 80 mm) and processed following 
the sample preparation procedure set out above, ready for ICP-MS analysis. 
In this way, the CRM samples experienced (as far as possible) the same preparation 
processes as the dust samples. 
 
5.7 Summary 
A sampling array was designed to assess dust propagation from Wingmoor Farm to 
Bishop’s Cleeve. The positioning of the DS100 directional dust monitors along the 
array was challenging due to landowner agreements and land use and therefore 
adaptations to the array layout was made. Meteorological data was collected 
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frequently from an on-site weather station and vehicle movements were obtained from 
manual counts on a daily basis. The HF/HNO3 digestion method was used for the 
analysis of the end-member samples, sticky pad samples, and reference materials, 
with the analysis of these samples set out in more detail in the next chapter. 
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6 ICP-MS analysis, quality control and data processing 
6.1 Introduction 
Within this chapter the ICP-MS analysis process is described. Quality control methods 
used to assess possible variation in the chemical composition of each sample during 
and following ICP-MS analysis are also discussed. The data handling techniques 
including blank correction and normalisation are detailed. The construction of binary 
mixing models using each end member’s elemental composition is explained. Finally, 
the mapping of the results derived from the mixing models is also discussed.  
 
6.2 Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) analysis 
An Agilent 7500ce Series ICP-MS, operated at the University of Portsmouth, was used 
to analyse each processed sticky pad sample and end member sample, to determine 
metal concentrations in solution from each. The instrument was utilised in He mode 
with an octopole collision cell in order to remove polyatomic interferences. Calibration 
solutions were created from Merck® multi-element standard IV by diluting the stock 
solution which contains 23 elements, (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In 
, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Ti, Zn) with 18 mΩ deionised water. The calibration 
solutions (n=5) ranged from a deionised water blank to 1000mg l-1, and generated a 
calibration linearity per element of no less than r = 0.9998, and often r = 1.0000; an 
example of which is shown in Figure 6.1.  
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Figure 6.1 – ICP-MS lithium calibration linearity graph 
  
Before analysis a 10 ppb tuning solution supplied by Agilent was used to tune the 
instrument to optimise torch position, gas flows, lens values, the octopole reaction 
system and the quadrupole mass spectrometer and detector. Rhodium, an internal 
ICP-MS standard was utilised at a concentration of 25 ppb, was used to correct for 
any drift in signal strength during each analytical run. 
The element set analysed for this study was as follows: Na, Al, K, Ca, V, Mn, Fe, Co, 
Ni, Cu, As, Sr, Ag, Cd, and Pb (modified after Fowler et al., 2010). This includes 
several major elements commonly presen t in the Earth’s crust, and trace elements 
from a number of chemical groups (e.g. alkaline earth metals, transition metals and 
metalloids). This range of elements has previously been shown to be suitable for the 
source apportionment of APC and background soils at this study location (Fowler et 
al., 2010). However, conditions dictated that other elements associated with APC 
(such as Zn) were not suitable in this instance, as discussed shortly. Data output was 
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in parts per billion in solution. These data were assessed for quality control purposes 
as discussed in the following section.  
 
6.3 Blank correction and element field reduction 
Previous studies by Datson and Fowler (2007) and Fowler et al. (2010) found that the 
cross-polymer linked adhesive sampling medium contained elevated levels of a 
number of elements, most notably Zn and Ba. Both elements and a further five (Mg, 
Cr, Mo, Bi and U) were excluded from this study based on these previous studies. 
Variation in elemental composition of the remaining elements was also shown to be 
the case in this study as demonstrated by the analysis of 15 blank sticky pad samples; 
their average and standard deviation are shown in Table 6.1. 
Table 6.1 - Average (Ave) elemental composition of sticky pads and associated standard 
deviation (SDev) (ppb) (n=15) 
  Na Al K Ca V Mn Fe Co 
Ave 1433.33 775.43 837.39 169.50 0.21 2.51 72.96 0.24 
SDev 532.18 1721.48 138.53 80.43 0.28 0.73 22.76 0.06 
  Ni Cu As Sr Ag Cd Pb 
Ave 0.29 1.77 0.06 3.44 0.78 0.10 1.43 
SDev 0.48 1.19 0.07 2.57 0.84 0.17 0.46 
 
As the chemical composition varied significantly between sticky pads, demonstrated 
by the standard deviations presented in Table 6.1 and as noted by Datson and Fowler 
(2007), blank correction was performed on each sample using a reference area from 
that respective sample.  As individual sample masses were not available (owing to the 
collection method) normalisation was required for data comparison. Al was selected 
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as the element to which other elements were normalised as it is frequently used in the 
aerosol literature for this purpose (Witt, et al., 2006). 
 
6.4 Data quality control 
In order to assess method precision, repeat analyses of Montana and SCO-1 were 
performed. Table 6.2 below presents the average extraction of each element from 15 
analyses of Montana, the standard deviation and relative standard deviation, after 
blank correction and normalisation. SCO-1 extraction data can be found in the 
appendix (Table I.1). 
Table 6.2 - Montana Certified Reference Material extraction statistics following blank correction, 
and normalisation to certified Al (ppb) (n = 15) 
 
Na Al  K  Ca V  Mn Fe Co 
CRM 11400 64400 21100 12500 76.6 10100 33800 10 
Average 14191 64400 22389 15743 54 9218 32221 9 
SDev 4421 0 2848 1918 4 577 1671 1 
RSDev 
(%) 31 0 13 12 7 6 5 6 
 
Ni  Cu As Sr  Ag Cd  Pb  
CRM 14.3 2950 626 330 35.3 21.8 5532 
Average 12 2125 526 345 30 17 4265 
SDev 3 184 30 87 5 2 240 
RSDev 
(%) 20 9 6 25 17 12 6 
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It was determined by Datson and Fowler (2007) that the extraction precision for this 
sampling and preparation method, and analysis by ICP-AES, was ± 20 %. The 
extraction precision obtained in this study, determined from an average of Montana 
extraction precision (12.5 %) and SCO-1 precision (26 %) was ca 19 %, broadly similar 
to that found by Datson and Fowler, (2010). In summary, Figure 6.2 presents the 
extraction of each element plotted against CRM values for Montana with 20 % error 
bars present. Most elements are seen to fall within this margin of error. 
 
Figure 6.2 - Montana Certified Reference Material values plotted against extracted Montana 
 
6.4.1 Long - term data quality 
Accuracy was also assessed continuously throughout the study. Certified Reference 
Materials (CRM) were used to assess the data quality of each batch of analyses. 
Following blank correction and normalisation, data were recorded in process 
assessment charts (Shewhart charts), a means of assessing data quality over time 
Equiline (1:1) 
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(Human et al., 2010). As noted previously the average relative standard deviation for 
both Montana and SCO-1 was determined to be ca. 20 % and this figure was used to 
set thresholds within the Shewhart Charts. One threshold was set at ± 20 % of the 
CRM concentration (i.e. one standard deviation above and below the mean) and 
another at ± 40 % (i.e. two standard deviations above and below the mean).  A 
Shewhart Chart for each of the key elements (defined below) in both CRMs can be 
found in the appendix (Figures B.1 – B.7). An example for Ca, including the results 
from the re-analyses of monitoring period 1 and 2, and monitoring period 3 and 4, can 
be found in Figure 6.3 below. 
 
Figure 6.3 – Calcium Shewhart Chart 
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6.5 Data handling 
6.5.1 Determination of method detection limits 
Method detection limits were determined from the analyses of 15 blank sticky pad 
samples. Detection limits (DL) were calculated using standard methods, i.e. 3 x 
standard deviation of each element measured at its peak position (Fowler et al., 2010; 
Kumtabtim et al., 2011).  
 
Table 6.3 – Working detection limits (ppb) 
Element Na Al K Ca V Mn Fe Co 
 StDev 532.2 1721.5 138.5 80.4 0.3 0.7 22.8 0.1 
DL 1596.5 5164.5 415.6 241.3 0.8 2.2 68.3 0.2 
Element Ni Cu  As Sr  Ag Cd  Pb  
StDev 0.5 1.2 0.07 2.6 0.8 0.2 0.5  
DL 1.4 3.6 0.2 7.7 2.5 0.5 1.4  
 
The detection limits determined at the outset were applied to each batch of samples 
analysed during the study (i.e. anything below is recorded as BDL). Parts per billion 
detection limits for the method were achieved for a range of elements.  The lowest 
detection limits were determined for V, As, and Cd, as shown in Table 6.3. 
 
6.6 Principal component analysis (PCA) 
PCA was carried out on the blank corrected datasets using Simca-P (a statistical 
analysis tool developed by UmetricsTM) to aid in selecting elements for binary mixing. 
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As described in Chapter 2, PCA enables an assessment of the relationships between 
the sources of dust in each sample by emphasizing similarities and differences in a 
dataset.  
The elemental composition of each sample from each monitoring period, having 
undergone blank correction and detection limit processes, were collated and recast to 
proportions so as to reduce any outlier influence prior to PCA. Datasets were assessed 
in Simca-P for their significance. A component is deemed significant when Q2 (the 
fraction of the total number of X’s (principal components) that can be predicted by the 
current component) is greater than a limit of 0.05 (set for models with observations of 
100 or less) (UmetricsTM AB, 2005). The proportioned dataset in this study returned 
Q2 > 0.05. Following data input the following steps were performed to generate a PCA 
analysis: 
 Following blank correction of each dataset, each sample’s element contribution 
was proportioned to minimise any distortion in scale associated with samples 
close to detection, or major vs trace elements. 
 After uploading the dataset into Simca-p, elements below detection were 
excluded. 
 Data were log-transformed to a normal distribution. 
 Each element was identified as a variable and therefore, each monitoring 
location, by default, was the observation. 
 A principal components model was then fitted to all of the variables which 
resulted in the production of the scores plot and loadings plot, to be discussed 
below. 
 
6.7 Binary mixing modelling method development 
Following the determination of working detection limits, APC proportion in each sample 
could be derived from the construction of a mixing model using a number of elements. 
Initially each end member (i.e. APC and background soils) was analysed. Following 
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end member characterisation and PCA analysis a number of elements were selected 
for the binary mixing modelling based on their relative concentrations in both end 
members. This method of selection is described below. 
End member element characterisation was determined through the analysis of APC 
samples derived from each source as described in Chapter 4.The results of these 
analyses are shown in the appendix (Table J.1a). The analyses of both soils and clays 
collected from on-site sources are also shown in the appendix (Table J.1b). Due to the 
similarity of the elemental composition of both gravels and clay, especially following 
the loss of silica during HF/HNO3 digestion, it was decided to combine both to provide 
an average background dataset. 
 
6.7.1 Abundance charts 
Abundance charts were generated from the analysis of each end member in which 
each individual APC source accepted on site was normalised to background soils, an 
example of which is shown in Figure 6.4. This abundance chart is based on the 
elemental composition of Kemsley Mill APC and is expressed as a ratio. Abundance 
charts for all other APC sources and an average abundance chart can be found in 
appendix C1 – C4.  
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Figure 6.4 – An elemental abundance chart for Kemsley, normalised to local soils and re-ordered to give a smooth decrease. 
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In Figure 6.4 elements at elevated levels in APC compared to local soils , defined 
earlier (e.g. Cu, Cd, Ag etc.) are shown on the left of the graph whilst elements 
relatively depleted in APC with respect to background soils (e.g. Fe, V, Al) appear to 
the right. Similar abundance charts for GMW, Lockerbie, Allington and Slough APC 
can be found in the Appendix (Figures C.1 – C.4).  
In addition, the pragmatic choice of elements used in binary mixing calculations 
needed to take account of detection limits. As shown in Table 6.4, out of a total of 494 
analyses, 4 elements stayed above detection more frequently than others. These 
were; Ca (388 times), Mn (348 times), Fe (371 times), and Pb (376 times). 
Table 6.4 – Elements remaining above detection 
Element Na Al K Ca V Mn Fe Co 
Samples 
above 
detection 
10 / 
494 
21 / 
494 
107 / 
494 
388 / 
494 
178 / 
494 
348 / 
494 
371 / 
494 
21 / 
494 
Element Ni Cu  As Sr  Ag Cd  Pb  
Samples 
above 
detection 
117 / 
494 
191 / 
494 
147 / 
494 
102 / 
494 
33 / 
494 
71 / 
494 
376 / 
494 
 
 
Following a review of the abundance chart and sample numbers above detection, and 
PCA analyses, Ca and Pb were chosen as the markers for APC whilst Mn and Fe 
were chosen as markers for background soils. Differences between APC and 
background soils were accentuated by plotting ratios of Ca / Fe and Mn / Pb. A mixing 
model, incremented at 10% intervals, was then constructed between each APC end 
member i.e. Kemsley, GMW, Slough, Lockerbie and Allington) and a clay / soil end 
member as shown in Figure 6.5.  
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Figure 6.5 – Binary mixing model: constructed using APC and local soils as end members 
 
As shown in Figure 6.6 below, the 4 lower APC mixing lines (i.e. GMW, Slough, 
Lockerbie, and Allington) were averaged at every 10 % increment to create a single 
lower mixing line, whilst the Kemsley APC sample was used as the upper mixing line, 
to create a mixing “field”. 
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Figure 6.6 – Final binary mixing model 
 
The Mn / Pb and Ca / Fe ratio of each field sample analysed was then plotted onto the 
mixing model to determine the proportion of APC per sample, per monitoring period. 
The % APC per sample for each monitoring location derived from the mixing models 
was uploaded into ISATIS, a geostatistical mapping package, for visual interpretation. 
The steps taken to prepare each map in ISATISTM are discussed in the next section.  
 
6.8 Spatial modelling 
Spatial models showing the % APC at each monitoring location during each monitoring 
period were generated using ISATISTM 9.0, a geostatistical modelling and mapping 
package developed by Geovariances. As described in Chapter 2, this method of 
mapping was employed due to its advanced data modelling techniques (e.g. 
variography and kriging). Maps were created in ISATISTM by following the method 
detailed below: 
 % APC for each monitoring location and their respective grid co-ordinates were 
uploaded into ISATIS;  
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 An experimental, omni-directional variogram was generated for each 
monitoring period’s % APC dataset. Although the data collected was designed 
to be spatially orientated (i.e. assessing APC dispersion from Wingmoor Farm 
to Bishop’s Cleeve) the variability in wind direction on an almost daily basis, 
definable as omni-directional, provided the basis for the use of an omni-
directional variogram. As noted previously in Chapter 2, an anisotropic analysis 
typically requires more sampling points than an omnidirectional analysis 
(Webster and Oliver, 1993) and as such could not be conducted in this study.  
 A spherical model was fitted to each omni-directional variogram. This model is 
one of the most frequently used in geostatistics. It is also a representative 
description of dust dispersion in that there is likely to be a stronger relationship 
between dust samples near the source, which decreases away from the source 
with distance. The distance at which this relationship can be held is finite, as 
dust tends to settle-out in favourable conditions. 
 Unknown data points on a raster were interpolated using a moving 
neighbourhood of 400 m diameter within which, known % APC data points were 
used to contribute to their interpretation. 
 Kriged data were contoured, completing the mapping process 
Standard deviation maps were generated alongside all those created from % APC. 
These maps were generated during the kriging process and show the standard error 
between sampling points. With low sampling numbers (such as in this study) standard 
deviation maps are important for showing the uncertainty in the mapping process.  
 
6.9 Summary 
Following ICP-MS analysis, blank correction and the determination of element 
detection limits, only 15 elements were deemed suitable for use in this study due to 
the significant variability in composition of the sampling medium. After the analysis of 
certified reference materials, a standard deviation of 20 % was determined for the 
element suite which was used in each process control Shewhart Chart. Binary mixing 
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models were constructed from Ca/Fe and Mn/Pb ratios following an analysis of end-
member element abundance charts, pragmatic choices based on a limited number of 
elements remaining above detection, and supporting evidence from principal 
components analysis. Finally spatial analysis of data derived from the mixing models 
was carried out and a moving neighbourhood of 400 m was determined within which 
kriging was performed. The data quality processes discussed in this chapter provided 
a rigid framework for maintaining the quality of the data obtained which are to be 
presented in the next chapter. 
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7 Results 
7.1 Introduction 
This Chapter presents the results derived from DustScan analysis of directional 
samples. The results of the ICP-MS analyses of each batch of samples are also 
presented as well as % APC proportions derived from the application of mixing model 
with additional on-site information (including meteorological data, vehicle movement 
and the use of dust suppression) collected throughout the study. Interpretation of these 
results will be presented in Chapter 7. 
 
7.2 DustScan data presentation 
The following section presents the % AAC directional dust roses for each monitoring 
location during each monitoring period throughout the study. Each % AAC dust rose 
is presented on a site plan to aid the visual interpretation of directional dust 
measurement in the study area. In line with the methods detailed in Chapter 4, ICP-
MS analysis was then conducted and the results are presented subsequently. 
 
7.2.1 AAC and EAC results 
% AAC and % EAC were recorded at 19 monitoring stations over 26 monitoring 
periods, resulting in a total of 494 data points. Each monitoring period represented a 
14 day sampling interval, except between periods 15/02/08 – 27/02/08 (12 days) 
caused by an inability to sample on the proposed date (i.e. the 29th), and 27/02/08 – 
14/03/08 (16 days) which was extended to account for two missed days in the previous 
period.  
Example dust plots from the first monitoring period 26/10/07 – 09/11/07 and monitoring 
period 12 (28/03/08 – 11/04/08), are shown in Figure 7.1a and Figure 7.1b . The 
remainder of the plots from the study are presented in the appendix (Figures D.1 – 
D.25). 
103 
 
 
Figure 7.1a – AAC dust roses per sampling location during monitoring period 1: 26th Oct – 09th Nov 2007 (Note that each 
concentric circle on each monitor represents an increase of 25% AAC) 
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Figure 7.1b -  AAC dust roses per sampling location during monitoring period 12: 28th Mar – 11th April 2008 
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As discussed previously, each red 15° segment of the dust rose indicated the direction 
from where dust in flux has arisen during this monitoring period. The magnitude of the 
red bar indicates the % AAC measurement attained in each segment. For example, if 
the segment is completely red (i.e. reaches the outer limit of the rose) then AAC has 
reached 100 %. If no red is recorded in a 15° segment then no dust has been recorded 
from that particular direction (for that particular monitoring station) during that specific 
monitoring period.  
A matrix representing the potential risk of nuisance derived from calculated AAC and 
EAC nuisance custom and practice thresholds as set out in Chapter 1, is found in 
Figure 7.2, below. The potential risk of nuisance derived from each sub-sampled arc 
of interest is presented in appendix Tables K.1a and K.1b.  
 
Figure 7.2 – Potential risk of nuisance matrix (DustScan, 2012) 
 
The most ‘High’ potential risk of nuisance was recorded at DS 4 totalling 14 
occurrences. No occurrence of High potential risk was recorded at DS 5, DS 6, DS 15, 
DS 17 and DS 18 during any monitoring period. Monitoring period 18 recorded the 
most ‘High’ risk of nuisance recordings (11) whilst monitoring periods 2, 3, 4, 5, 7, 8, 
9 and 20 recorded no ‘High’ risk of potential nuisance. 
 
7.2.2 ICP-MS results 
As noted in the previous chapter, following ICP-MS analysis, blank correction and field 
reduction (i.e. the removal of elements from the suite used for further analysis), the 
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concentration of the 15 elements deemed suitable to use in further interpretation (i.e. 
those remaining above detection) from each monitoring period were measured. The 
elemental compositions of each monitoring point in monitoring period 1 are presented 
in Table 7.1 and are presented as parts per billion (ppb) in solution, as analysed.  Data 
reported as below detection limits are noted as BDL. These data for monitoring periods 
2 – 26 are presented in appendix L.1 – L.25.  
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Table 7.1 - Monitoring period 1: Element concentrations (ppb) in solution: 26th Oct – 09th Nov 2007 
 Sodium Aluminium  Potassium Calcium Vanadium Manganese  Iron  Cobalt  Nickel  Copper Arsenic  Strontium Silver  Cadmium  Lead  
DS1 
BDL BDL BDL 17900 1 22 733 BDL 4 19 0.9 13 2 2 76 
DS2 
BDL BDL BDL 291 BDL 6 476 BDL 13 BDL BDL BDL BDL BDL 7 
DS3 
BDL BDL BDL BDL BDL BDL 308 BDL 6 BDL BDL BDL BDL BDL 2 
DS4 
BDL BDL 529 29314 2 34 1064 BDL 4 28 0.7 69 2 2 66 
DS5 
BDL BDL BDL BDL BDL BDL BDL BDL 2 BDL BDL BDL BDL BDL BDL 
DS6 
BDL BDL BDL BDL BDL 3 425 BDL BDL BDL 0.3 BDL BDL BDL 14 
DS7 
BDL BDL BDL 9963 2 21 970 BDL BDL 7 0.5 8 BDL BDL 18 
DS8 
1849 BDL BDL 6275 2 27 1955 BDL 20 8 0.4 25 BDL BDL 14 
DS9 
BDL BDL BDL 3459 BDL 8 283 BDL BDL 4 BDL BDL BDL BDL 15 
DS10 
BDL BDL 754 6201 4 36 2003 BDL 3 5 0.6 BDL BDL BDL 11 
DS11 
BDL BDL BDL 6373 1 15 565 BDL 2 8 BDL 30 BDL BDL 30 
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DS12 
BDL BDL BDL 2450 BDL 5 119 BDL BDL BDL BDL BDL BDL BDL 28 
DS13 
BDL BDL BDL 1934 BDL 10 170 BDL 3 BDL BDL BDL BDL BDL 28 
DS14 
BDL BDL BDL 755 BDL 3 127 BDL BDL BDL BDL BDL BDL BDL 2 
DS15 
BDL BDL BDL BDL BDL BDL 102 BDL BDL BDL BDL 9 BDL BDL BDL 
DS16 
BDL BDL BDL 919 BDL 3 125 BDL BDL BDL BDL BDL BDL BDL 5 
DS17 
BDL BDL BDL 1740 BDL 5 209 BDL BDL BDL 0.6 11 BDL BDL 7 
DS18 
BDL BDL BDL 1068 BDL 3 366 BDL BDL BDL BDL BDL BDL BDL 13 
DS19 
BDL BDL BDL 336 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 5 
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7.3 Principal Component Analysis 
 PCA was used as a method for interrogating the data and to inform the selection of 
elements for binary mixing. ICP-MS data from each sample, from each monitoring 
period and from each end-member, was collated for use in PCA. The dataset was 
expressed as a proportion in order to remove any overbearing influence of outliers. 
These data were uploaded in to Simca-P and processed following the method outlined 
in chapter 6. Loadings and scores plots were generated for the dataset and are 
presented below in Figure 7.3 and Figure 7.4.  
 
Figure 7.3 - PCA loadings plot of each element noted as suitable for further interpretation 
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Figure 7.4 – PCA scores plot of each monitoring point from each monitoring period 
 
These PCA loadings and scores plots show APC (and its predominant metals 
composition) negatively weighted on to PC2 and background soils (and its 
predominant metals composition) positively weighted on to PC2.  
 
Local soil 
APC 
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Figure 7.5: Correlation between PCA scores and analysis 
Figure 7.5 shows the relationship between the total concentration of element per 
monitoring point and the scores values of principal component 1, derived from the PCA 
plot shown in Figure 7.4. There is a strong correlation (r2 = 0.83) between 
concentration and the scores which demonstrate that low dust levels can significantly 
affect multivariate analyses resulting in this concentration effect. Future studies in 
which PCA is used should attempt to improve limits of detection. Furthermore samples 
with increased dust saturation would also be favoured in order to minimise the 
possibility of such an effect in the future. 
 
7.4 Binary mixing modelling results  
APC proportions were derived from each monitoring period using previously defined 
binary mixing models. The mixing models were incremented every 10%, from 100 % 
background soils (or 0 % APC) (high Mn / Pb ratio; low Ca / Fe ratio) to 0 % background 
soil (or 100 % APC) (low Mn / Pb ratio; high Ca / Fe ratio) to facilitate the determination 
of an APC proportion from each sample. Each sample’s APC proportion was 
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determined visually based on its position between the increments and as such the 
accuracy of APC determination from each interpretation is ± 5 %. Samples that fall 
outside the mixing model are likely to return less accurate results. An example of the 
mixing model generated from the first monitoring period 26/10/07 – 09/11/07 is shown 
in Figure 7.6 below and the proportions derived from this mixing model are presented 
in Table 7.2. 
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Figure 7.6 - Monitoring period 1 (26th Oct – 09th Nov 2007) binary mixing model 
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Table 7.2 - Monitoring period 1 (26th Oct – 09th Nov 2007) APC proportions derived from a binary mixing model (Figure 6.2) 
Monitoring Point DS1 DS2 DS3 DS4 DS5 DS6 DS7 DS8 DS9 DS10 
APC Proportion (%) 
100 0 0 95 0 0 55 20 70 15 
Monitoring Point DS11 DS12 DS13 DS14 DS15 DS16 DS17 DS18 DS19  
APC Proportion (%) 
65 0 70 35 0 50 50 0 0  
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7.5 Variogram modelling and mapping 
The spatial distribution and magnitude of the APC proportions were geostatistically 
modelled and plotted utilizing the ISATISTM software. Appendix Figures F1 to F25 
show the calculated and modelled variograms used to explore the spatial dependency 
and continuity of the dispersed APC proportions. The contoured plots of the kriged 
(interpolated) data are presented below. 
Each dispersion map was scaled using GNU image manipulation programme 2.8 
(GIMP) to conform to the scale presented in the Ordnance Survey map of Bishop’s 
Cleeve (Figure 5.2) and overlain on to the base-map using Image-J, another open-
source image manipulation programme. Each black circle noted on the dispersion map 
represents a monitoring point. Light blue represents the lowest recorded proportions 
of APC during this monitoring period (i.e. ≤ 10% at monitoring points), whilst orange 
represents APC proportions of > 80 %. Each map created (with the exception of 
monitoring period 4) is shown in Figure 7.7a – Figure 7.4y , below. Accompanying 
binary mixing models and derived APC proportions for all monitoring periods except 
mp 1 (presented above) can be found in appendices E.1 – E.25 and Tables L.1a to 
L.1b.  
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Figure 7.7a - Dust dispersion model:  26th October - 09th November 2007 (monitoring period 1)  
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Figure 7.4b – Dust dispersion model: 09th Nov – 23th Nov 2007 (monitoring period 2) 
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Figure 7.4c - Dust dispersion model: 23th Nov – 07th Dec 2007 (monitoring period 3) 
119 
 
 
Figure 7.4d - Dust dispersion model: 21st December 2007 – 04th January 2008 (monitoring period 5) 
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Figure 7.4e - Dust dispersion model: 04th January – 18th January 2008 (monitoring period 6) 
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Figure 7.4f -Dust dispersion model: 18th January – 01st February 2008 (monitoring period 7) 
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Figure 7.4g -Dust dispersion model: 01st February – 15th February 2008 (monitoring period 8) 
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Figure 7.4h - Dust dispersion model: 15th February – 27th February 2008 (monitoring period 9) 
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Figure 7.4i -Dust dispersion model: 27th February – 14th March 2008 (monitoring period 10) 
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Figure 7.4j - Dust dispersion model: 14th March – 28th March 2008 (monitoring period 11) 
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Figure 7.4k – Dust dispersion model: 28th March – 11th April 2008 (monitoring period 12) 
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Figure 7.4l – Dust dispersion model: 11th April – 25th April 2008 (monitoring period 13) 
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Figure 7.4m – Dust dispersion model: 25th April – 09th May 2008 (monitoring period 14) 
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Figure 7.4n - Dust dispersion model: 09th May – 23rd May 2008 (monitoring period 15) 
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Figure 7.4o – Dust dispersion model: 23rd May – 06th June 2008 (monitoring period 16) 
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Figure 7.4p – Dust dispersion model: 06th June – 20th June 2008 (monitoring period 17) 
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Figure 7.4q -Dust dispersion model: 20th June – 04th July 2008 (monitoring period 18) 
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Figure 7.4r – Dust dispersion model: 04th July – 18th July 2008 (monitoring period 19) 
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Figure 7.4s – Dust dispersion model: 18th July – 01st August 2008 (monitoring period 20) 
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Figure 7.4t - Dust dispersion model: 01st August – 15th August 2008 (monitoring period 21) 
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Figure 7.4u – Dust dispersion model: 15th August – 29th August 2008 (monitoring period 22) 
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Figure 7.4v - Dust dispersion model: 29th August – 12th September 2008 (monitoring period 23) 
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Figure 7.4w – Dust dispersion model: 12th September – 26th September 2008 (monitoring period 24) 
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Figure 7.4x - Dust dispersion model: 26th September – 10th October 2008 (monitoring period 25) 
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Figure 7.4y – Dust dispersion model: 10th October – 24th October 2008 (monitoring period 26)
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Accompanying standard deviation maps for each dispersion map can be found in 
appendix figure G1 – G25. No APC proportion data was collected from DS12 during 
monitoring periods 23 and 25 as alternative sticky pads (See Datson et al., 2012) were 
being trialled at these locations during both monitoring periods. 
 
7.6 Additional on-site data 
As noted previously, meteorological conditions were recorded during the study using 
a Vantage Davis proTM weather station on a daily basis. Average temperature, high 
temperature, rainfall, average wind speed and average high wind speed (i.e. gusts) 
were all recorded and the data are recorded for each monitoring period in appendix 
N.1 – N.26. An example of the data recorded during monitoring period 1 is shown in 
Table 7.3. 
Table 7.3 – Monitoring period 1 meteorological data 
  TEMPERATURE (°C) (MM) WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN AVERAGE HIGH  DIRECTION 
26 N/A N/A N/A N/A N/A N/A 
27 13.1 14.7 0.3 9.7 30.0 SSW 
28 14.4 16.1 0.3 15.1 38.0 SW 
29 9.7 12.6 0.0 5.6 23.0 S 
30 10.0 14.2 0.0 5.0 20.0 S 
31 12.3 16.5 0.0 6.4 16.0 SSW 
1 12.1 16.4 0.3 5.0 19.0 WSW 
2 11.8 15.8 0.0 3.3 14.0 S 
3 10.6 13.9 0.0 2.1 9.0 S 
142 
 
4 5.3 8.1 0.3 1.0 7.0 SSE 
5 7.2 12.8 0.5 5.2 20.0 SW 
6 8.2 11.8 0.0 4.3 16.0 SW 
7 11.1 14.0 0.0 8.9 25.0 WSW 
8 10.3 13.9 3.0 11.1 36.0 SW 
9 8.3 10.2 0.3 11.3 29.0 WNW 
 
7.6.1 Temperature  
Temperature was recorded on a daily basis. To aid with interpretation temperature is 
displayed per monitoring period (Figure 7.8). 
 
Figure 7.8 – Average daily temperature per monitoring period 
 
Temperatures ranged from a monthly average of 5.7 °C in February to an average of 
16.9 °C during July. The highest average temperature recorded (18.6°C) during the 
study period was during monitoring period 20. The highest daily mean temperature 
recorded was 21.2 °C recorded on the 28/07/08. The lowest average temperature 
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(3.4°C) recorded during the study was during monitoring period 4. The lowest average 
daily temperature recorded was - 1.4°C, recorded on 20/12/07. 
 
7.6.2 Rainfall 
Figure 7.9 shows the variation in rainfall per monitoring period. The highest monthly 
rainfall rate recorded was measured at 85 mm during August. The lowest monthly 
rainfall rate was recorded during October  (17 mm). Monitoring period 23 was the 
wettest recorded during this study (80.9 mm of rain). The lowest rainfall recorded 
during the study was 0.6 mm, recorded during monitoring period 24. The wettest day 
recorded during the study was the 11th of January, 2008 when 26.4 mm fell in 24 hours. 
 
Figure 7.9 – Total rainfall per monitoring period 
 
7.6.3 Mean wind speeds and wind direction 
As shown in Figure 7.10, monitoring period 6 recorded the highest average wind speed 
of any monitoring period (6.2 ms-1). The highest average daily wind speed during this 
study, measuring 10.1 ms-1, was recorded on the 12th of March 2008. Monitoring period 
16 recorded the lowest average wind speed (1.6 ms-1).The lowest daily average wind 
speed (<0.1 ms-1) was recorded on the 13th September 2008. The 29th of December 
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2007 recorded the highest maximum wind speed during this study, measuring 34 ms-
1. 
 
 
Figure 7.10 - Average wind speed (ms-1) per monitoring period 
 
 
Figure 7.11 – Summary wind rose (ms-1) 
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The time weighted average wind rose in Figure 7.11 shows that winds were 
predominantly from the south and south-west during this study. Approximately 60 % 
of winds from this direction were recorded as between 6 – 10 ms-1. 
 
7.6.4 APC supply 
The total APC tonnage received from each source per monitoring period is presented 
in Table 7.4.  
Table 7.4 - APC tonnage from each APC source per monitoring period 
Monitoring 
period Kemsley Mill Allington Slough HP GMW Lockerbie 
MP1 703 0 28 133 0 
MP2 768 0 70 66 31 
MP3 635 0 70 0 27 
MP4 388 0 44 0 431 
MP5 316 0 40 98 494 
MP6 623 0 85 170 395 
MP7 360 0 112 140 249 
MP8 231 72 87 102 337 
MP9 830 688 72 164 134 
MP10 446 855 32 141 26 
MP11 0 717 86 146 26 
MP12 844 161 55 115 138 
MP13 584 0 26 136 99 
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MP14 884 0 13 142 0 
MP15 138 0 46 0 0 
MP16 583 0 31 94 0 
MP17 795 0 99 121 0 
MP18 732 259 90 97 28 
MP19 601 477 29 116 79 
MP20 344 77 26 147 134 
MP21 407 0 46 136 187 
MP22 627 0 93 68 107 
MP23 664 0 69 122 206 
MP24 577 0 39 139 22 
MP25 880 364 24 152 13 
MP26 386 646 26 117 320 
 
Kemsley Mill provided the most APC for disposal during this study (14,348 t) whilst 
Slough Heat and Power provided the least (1,436 t). Most APC was accepted during 
monitoring period 9 (1,888 t) whilst only 184 t was accepted for disposal during 
monitoring period 15. 
 
7.6.5 APC dump truck movements 
Dumper truck movements between the APC processing plant and hazardous waste 
disposal cells were recorded between monitoring period 8 and monitoring period 22 
with the aim of understanding the potential of haul roads to contribute to dust levels. 
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Data were not recorded prior to monitoring period 8 and after monitoring period 22 as 
no site personnel were in a position to record this activity. 
 
Figure 7.12 - Total dumper truck movements 
 
As shown in Figure 7.12, the highest number of dump truck movements was recorded 
during monitoring period 10 (438), however this monitoring period was 16 days long. 
Of the 14 day sampling intervals, monitoring period 18 recorded the most vehicle 
movements (354). The average number of movements per monitoring period was 252. 
 
7.6.6 PM10 monitoring data 
A DS 500 sampler was used to record PM10 levels over seven day sampling intervals 
on alternating weeks at two monitoring locations: DS 2 (on-site) and DS 17 (off-site). 
PM10 concentrations from DS 2 and DS 17 from each monitoring period throughout 
the study are presented in Figure 7.13 
. 
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Figure 7.13 – Measured PM10 concentrations at DS 2 and DS 17 
 
Data recorded at DS 17 during monitoring period 5 is likely to have been affected due 
to a battery malfunction resulting in a 6 day sampling interval. Similarly, short run times 
were also recorded during monitoring periods 8 and 14.  
A short run time was also recorded at DS 2 during monitoring period 3 due to a battery 
malfunction. Furthermore a low PM10 concentration (2 µg m-3) was recorded during 
monitoring period 5 owing to a disconnected valve within the sampling instrument. The 
data from these aberrant samples are therefore, discounted from any further 
interpretation. 
The average daily PM10 concentration recorded on-site at DS 2 was 17.3 µg m-3. The 
highest average daily PM10 level recorded, measuring 47.8 µg m-3, was during 
monitoring period 9. The lowest average daily PM10 level measured (8.5 µg m-3) was 
recorded during monitoring period 6. 
The average daily PM10 levels recorded off-site at DM 17 during this study was 
measured at 15.1 µg m-3. A high of 45 µg m-3 was recorded during monitoring period 
9 and a low of 7 µg m-3 was recorded during monitoring period 17. 
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7.6.7 Site diary 
During this study, on-site activities including cell excavation, material stockpiling , dust 
suppression and other incidents of note were recorded in a site diary. These are 
detailed below. Cell locations and identifying codes (e.g. 4D, 1A, etc.,) can be 
interpretated with reference to Figure 4.5.  
 
7.6.7.1 Topsoil excavations 
Topsoil was removed from an area to the south of the APC plant (E393700 – 393800, 
N227200 – 227250) during monitoring periods 19 and 20. This topsoil was stockpiled 
to the south of monitoring point DS 3 (E393500 – 395550, N227600 – 227700). A 
further three soil stockpiles were present on-site for the duration of this study. These 
were in the following locations: 
 
 E393700 – 393800, N227100 – 227150; 
 E393900, N227300 – 227350; 
 E393600 – 393650, N227250; 
 
7.6.7.2 Sand and gravel excavation 
No sand and gravel extraction took place during the study; however two areas of 
exposed sand and gravel were noted: 
 E393500 – 393600, N227300 – 227500 (SG 1);  
 E393700 – 393800, N227200 – 227250 (SG 2). 
SG 1, positioned near the western boundary of the site, was exposed and excavated 
before this current study was initiated. During the study period, 50 % of this area was 
under water and a further 50 % was partially vegetated. 
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SG 2, situated near the southern boundary of the site, was initially exposed during 
monitoring period 20 following the partial removal of topsoil, and remained exposed 
for the duration of the study.  
 
7.6.7.3 Cell excavations 
The excavation of cell 5A (E393500 – 393650, N227700 – 227850) and its preparation 
for the acceptance of waste (i.e. installation of leachate and landfill gas management 
systems) began before the start of the study and ended during monitoring period 9.  
Excavation and preparation of municipal waste cell 2B near the southern perimeter of 
WFE (E393900 – 394100, N227100 – 227300) began during monitoring period 20 and 
continued beyond the end of the study.  
 
7.6.7.4 Clay stockpiling and excavation 
Excavated clay was stored at two locations on site:  
 E393650, N227400 – 227450 (south of DS 3); 
 E393400 – 393550, N227700 – 227750 (west of APC plant). 
Excavated clay was stockpiled to the south of DS 3 from monitoring period 1 to 
monitoring period 9, however no stockpiling occured between monitoring period 10 
and monitoring period 15. Stockpiling of clay at this location restarted during 
monitoring period 15 and continued until monitoring period 19. Clay was also added 
to an exisitng stockpile west of the APC plant between monitoring periods 19 and 26.  
Clay was excavated from the stockpile to the west of the APC plant between 
monitoring period 8 and monitoring period 11. Clay excavation at this location began 
again in monitoring period 15 and ended during monitoring period 16. A proportion of 
the clay excavated from this stockpile was used to cap cell 4D and the rest of the 
material removed from site. Clay was also excavated from stockpiles to the south of 
DS3 between monitoring period 17 and 21.  
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7.6.7.5 Waste disposal 
Hazardous and municipal waste disposal was ongoing during this study. APC treated 
at the APC treatment plant was carried by dumper truck along the haul road to cell 4D 
(E393700 N227590) until monitoring period 10. From then on hazardous waste was 
disposed of in cell 5A. Municipal waste was only disposed of to cell 3B (E394050 – 
394150, N227200 – 227300) during this study. 
 
7.6.7.6 Cell capping 
During the study, only cell 4D was capped. This occurred during monitoring period 13.  
A geo-synthetic barrier was placed over the waste cell on to which a Lias clay cap 
(approximately 1 m thick), obtained from on-site reserves, was placed. A layer of soil 
seeded with grasses was then placed on top of the clay.  
 
7.6.7.7 Tree removal 
Also of note was the removal of a bank of evergreen trees (each approximately 20 – 
30 m in height) from an area between DS 5 and the APC treatment plant during 
monitoring period 10. 
 
7.6.8 Dust management 
Due to the potential for dust generation to occur during cell construction and waste 
disposal dust control methods were required to be in place on-site. It was noted during 
the study that a road sweeper  was used daily during the study period to minimise mud 
presence on metalled haul roads. Similarly a water bowser was used intermittently 
between 09/05/08 (monitoring period 15) and 15/08/08 (monitoring period 21) to 
minimise the possibility of dust generation on haul roads and waste cells. No water 
bowser was used between monitoring period 1 (26/10/07) and monitoring period 14 
(09/05/08) or between monitoring period 22 (15/08/08) and monitoring period 26 
(24/10/08).  
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7.7 Summary 
The data presented demonstrates that nuisance dust levels rarely exceeded Very Low 
levels at all monitoring points. Those that did were generally closer to on-site dust 
generating activities. Furthermore, samplers closest to APC sources typically recorded 
higher levels of %AAC and %APC than those further away, and APC near to Bishop’s 
Cleeve was < 10% throughout the study. Principal component analysis also supported 
the binary mixing model findings as samples expected to be high in APC were co-
located with the APC end-members whilst those expected to be high in background 
dust were co-located with background end members. Seasonal variability in 
meteorological data was noted and winds were measured as arising predominantly 
from the south-west, as expected. The interpretation of these results and a subsequent 
discussion of dust dispersion, monitoring and assessment at both Wingmoor Farm 
(East), and more generally for the field, follow in the next chapter. 
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8 Results interpretation 
8.1 Introduction 
The aim of this study was to develop and assess a novel method for measuring and 
visualising nuisance dust dispersion around a hazardous waste landfill site. The 
specific study conducted at Wingmoor Farm represents the development of the 
method and its results will be used to show how data collected in this way can be 
interpreted in order to inform regulators and operators alike. A general discussion of 
the original contribution this thesis has made to the field of dust dispersion mapping 
will follow, along with recommendations for future work and suggestions for further 
research. 
 
8.2 AAC, EAC and the risk of nuisance 
In order to constrain APC dispersion from Wingmoor Farm East it was first necessary 
to determine the levels of dust that the site contributed to its environment. AAC and 
EAC levels are discussed here with reference to the IAQM guidance on air quality 
monitoring in the vicinity of demolition and construction sites. As described previously 
(see Chapter 1), the IAQM guidance on construction dust classifies a site’s risk to air 
quality based on a number of factors of which the earthworks activities matrix (Table 
1.4) and track-out matrix (Table 1.5) are pertinent to this study. According to the 
earthworks activity matrix Wingmoor Farm East belongs to a Large Dust Emission 
Class and is a high risk site because two potential receptors, Pussy Willows and Court 
Farm, lie within 50 m of an earthworks activity in which clay is used. The risk to these 
receptors (as defined in Chapter 1 according to the IAQM matrices and detailed further 
in Chapter 6) will be discussed below with respect to the findings of this study. 
Dust levels in general were very low during the first 10 monitoring periods at all 
monitoring points as shown by the dust detection plots found in the results chapter 
(Figure 7.1a) and in the appendix (Figure D.1 – D.25). In general and as shown in 
Table 8.1a and Table 8.1b below, a high potential risk of nuisance was recorded in 
only 2% of samples between monitoring period 1 and 10. Medium potential risk of 
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nuisance was recorded in < 1% of samples and low potential risk in 2% of samples. 
Very low potential risk of nuisance was recorded in 95% of samples. 
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Table 8.1a – Potential risk of nuisance (monitoring periods 1 – 13) 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
DS1 Low Very Low Very Low Very Low Very Low Very Low Very low Very Low Very Low High Very Low High Very low 
DS2 Very Low Very low Very Low Very Low Very Low Very low Very Low Very Low Very Low Very Low Very Low Low Very Low 
DS3 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low High 
DS4 Medium Very low Very low Very low Very low High Very low Very low Very low Low High High High 
DS5 Very Low Very Low Very low Very low Very low Very low Very low Very low Very low Very low Medium Very low Very low 
DS6 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS7 Low Very low Very low Very low Very low Very low Very low Very low Very low Low Very low High Very low 
DS8 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low High Very low 
DS9 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS10 High Very low Very low Very low Very low Very low Very low Very low Very low Very low Medium Low High 
DS11 Very low Very low Very low Very low Very low Very low Very low Very low Very low High Very low Very low Very low 
DS12 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Low Very low 
DS13 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS14 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS15 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS16 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS17 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS18 Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low 
DS19 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
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Table 8.1b – Potential risk of nuisance (monitoring periods 14 – 26) 
 
 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
DS1 Low Very Low High Very Low High High High High Medium Medium Very low High High 
DS2 High Medium Very low Very low High High High Low Very low Very low Very low Very low Medium 
DS3 High High Very low High High Low High Very low Very low Very low Low Very low Very low 
DS4 High Very low Very low High High High High High High High Very low High High 
DS5 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Low Very low Very low 
DS6 Very low Medium Low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS7 Very low Very low Very Low High High High High High High Very low Very low High Medium 
DS8 Very low Very low Very low Very low Very low High Low Very low Very low Very low Very low Low Very low 
DS9 Very low Very low Low Very low High High Low Low Low Very low Very low Very low Low 
DS10 High Very low Low Medium Low Low Low Very Low Very Low Very low Medium Medium Low 
DS11 Very low Very low Very low High High High Very low High Medium Medium Very low Low High 
DS12 High Very low Very low Medium High Medium High Medium High High Very low Very low High 
DS13 Low Very low Very low Low Very low Medium Low Low High Low Very low Low High 
DS14 Very low Very low Very low Very low High Very low Very low Very low Very low Very low Very low Very low Very low 
DS15 Very low Very low Very low Very low Medium Very low Very low Very low Very low Very low Very low Very low Very low 
DS16 Very low Very low Very low Very low High Low Low Very low Low Very low Very low Low Medium 
DS17 Very low Very low Very low Medium Medium Low Very low Very low Very low Very low Very low Very low Medium 
DS18 Very Low Very Low Very low Very low Medium Very low Very low Very low Medium Very low Very low Low Medium 
DS19 Very low Very low Very low Very low High Low Very low Very low Very low Very low Very low Very low Low 
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In contrast, between monitoring periods 11 and 26 a high risk of potential nuisance 
was recorded in 21% of samples, medium risk of nuisance recorded in 9% of samples 
and a low potential risk of nuisance recorded in 13 % of samples. Very low risk of 
nuisance was recorded in 57% of samples. 
There is thus a ten-fold increase of samples showing a medium to high risk of nuisance 
from monitoring periods 1 – 10, to monitoring periods 11 - 26. This discussion will 
therefore, concentrate on these two distinct monitoring intervals. No ‘very high’ 
potential risk of nuisance was recorded during any monitoring period throughout the 
study. 
High potential risk of nuisance was only recorded on four occasions between 
monitoring periods 1 and 10. As shown in the risk matrix table (Table 8.1a and Table 
8.1b), there was a high potential risk of nuisance at the following monitoring points: 
 DS 1 – monitoring period 10 
 DS 4 – monitoring period 6 
 DS 10 – monitoring period 1 
 DS 11 – monitoring period 10 
From monitoring period 11 onwards, on average, there was a significant increase in 
% AAC detected at each on-site monitor. Figure 8.1 shows the number of occurrences 
of high potential risk of nuisance detected at each monitor from monitoring period 11 
until monitoring period 26. 
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Figure 8.1 - Occurrence of a high potential risk of nuisance (monitoring period 10 - 26) 
 
DS 4 recorded the highest number of occurrences (13). DS 1, positioned 30 m to the 
south of DS 4, and DS 7, both recorded the second highest number (8). DS 19, 
positioned approximately 1 km away from the site, recorded a high potential risk of 
nuisance from the direction of the site during monitoring period 18. This corresponded 
with the highest number of high potential risk of nuisance recorded during a single 
monitoring period (11). 
Five monitors, DS 5, DS 6, DS 15, DS 17 and DS 18 did not record a high potential 
risk of nuisance during these monitoring periods. Of these, two (DS 5 and DS 6) were 
positioned up-wind of Wingmoor Farm East operational processes. DS 15, DS 17 and 
DS 18 were positioned at least 500 m downwind of the site. Therefore, in general the 
monitoring locations recording the highest number of ‘high potential risk of nuisance’ 
occurrences were those positioned close to on-site activities.  
Those monitors recording the lowest number of occurrences of high potential risk were 
those positioned up-wind (e.g. DS 6) and those positioned over 500 m downwind of 
the site (e.g. DS 15).  
A number of monitors were located in areas where potential risk of nuisance at 
potential receptors could be assessed, as follows: 
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DS 2 – Pussy Willows and Court Farm 
A high potential risk of nuisance was measured during four monitoring periods at DS 
2 (positioned approximately 10 m to the east of Pussy Willows and 30 m south-east of 
Court Farm) as shown in the sample risk matrix presented in the appendix (K.1a and 
K.1b). A medium risk of potential nuisance was recorded during only two monitoring 
periods. A further two monitoring periods recorded a low risk of potential nuisance and 
the remaining 18 monitoring periods recorded a very low risk of potential nuisance. 
High potential risks of nuisance were not recorded at DS 2 when cell 4D was in 
operation, however they were recorded after the hazardous waste cell was moved to 
cell 5A (during monitoring period 10), closer to DS 2 and therefore, closer to Pussy 
Willows and Court Farm. This suggests that until waste disposal ceases in cell 5A it is 
likely that further high potential risk of nuisance could be measured at this location. 
 
DS 3 – Clay shooting club. 
At DS 3, positioned approximately 50 m east of the clay shooting club, a very low risk 
of nuisance was recorded during 18 monitoring periods. Each monitoring period from 
1 to 12 recorded a very low risk of nuisance. From monitoring period 13 onwards a 
low risk of nuisance was measured twice and a high risk of potential nuisance was 
measured 6 times, indicating that after cell 4D closed and cell 5A (nearer to DS 3 than 
cell 4D) became active in monitoring period 10, dust levels increased. Although the 
risk of potential nuisance was determined to be very low during monitoring periods 10, 
11 and 12, the AAC results shown in appendix O.1a and O.1b demonstrate a marked 
increase in dust from monitoring period 10. As DS 3 was not positioned directly 
adjacent to the shooting club it is likely that the risk of potential nuisance experienced 
would be less at the club than that registered at DS 3.  
 
 
 
DS 9 - Haydn and Bishop’s Cleeve Rugby Club 
160 
 
At DS 9, positioned approximately 30 m to the south of Haydn, a high potential risk of 
nuisance was recorded twice and low potential risk of nuisance was recorded five 
times. It is likely that due to the distance between DS 9 and Haydn the actual potential 
risk of nuisance is lower than recorded as DS 9 is located closer to the waste 
processing areas. 
 
DS 15 – Bishop’s Cleeve western boundary 
DS 15, positioned approximately 10 m from properties on the western edge of Bishop’s 
Cleeve, recorded very low dust levels during every monitoring period except 
monitoring period 18 when a medium potential risk of potential nuisance was recorded. 
In general the potential risk of nuisance at DS 15 and therefore, at properties in 
Bishop’s Cleeve is negligible as demonstrated in the risk matrix (appendix tables K.1a 
and K.1b). 
It should be noted that banks of deciduous trees grow between each of these monitors 
and their respective receptors which will likely prevent a proportion of the dust 
recorded at these monitors from impacting on each respective receptor (Hernandez et 
al., 2012) and is therefore, likely to lower the risk of potential nuisance even further. 
An increase in the potential risk of nuisance was recorded at monitors on the western 
(DS 2 and DS 3), northern (DS 1) and eastern (DS 9) boundaries of the site indicating 
an increase in dust leaving the site in these directions. The potential risk of nuisance 
also increased along southern boundaries (DS 6), however as no properties are within 
400 – 500 m of site the risk was negligible in this direction. It has therefore, been 
demonstrated that dust did leave the site at Wingmoor Farm during this study but that 
the risk of nuisance was generally low. 
 
8.2.1 Dust sources and contributions at Wingmoor Farm 
It was noted during this study that dust from the south-west (from the direction of 
Wingmoor Farm West), was contributing dust to DS 3, situated on the western 
boundary of the site. During monitoring period 7 a maximum AAC of 23 % was 
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recorded from this direction. On average an AAC of 51 % was recorded from the south-
west at DS 3 during this study, suggesting that dust arising from the direction of this 
operation was contributing to dust on Wingmoor Farm frequently. A further example 
of % AAC being affected by proximity to site activity is the increase from 26% 
(monitoring period 19) to 67% at DS5 during topsoil excavations (approximately 10 m 
to the south) during monitoring period 20. In the following monitoring period, when 
topsoil excavation was no longer taking place, these levels decreased to 30 %, 
suggesting that topsoil stripping did generate measureable levels of dust in close 
proximity to the operation. 
Interestingly, during several monitoring periods (monitoring periods 12, 15, 16, 18, 19, 
25 and 26) dust was identified as arriving on-site from the south of DS 6. This suggests 
that another source to the south of the landfill site (likely a farm positioned 150 m south 
of the site boundary) was contributing dust to the southern perimeter of site during the 
study, albeit not in amounts likely to have any significant impact on dust levels at 
monitors deeper within the site’s boundary and those positioned further north.  
Vehicle movement along Stoke Road was also thought to contribute dust to the 
environment and possibly to Wingmoor Farm. This is supported by the presence of 
dust arising from the north at an average AAC of 70 % at DS 10 (positioned 
approximately 3 m south of Stoke Road).  
During a number of monitoring periods, most notably during monitoring periods 11, 15 
and 16, dust appeared to arrive from the north-east as demonstrated by an average 
AAC of 66 % at DS 19, the northern-most monitor in the study. The origin of this dust 
is uncertain; however a housing development was ongoing on the northern edge of 
Bishop’s Cleeve, which may have contributed. Dust from the north and north-east was 
also detected at all other off-site monitors during the same period, suggesting that the 
source was contributing dust over a significant area. 
To summarise, it is apparent that there was an increase in dust levels between 
monitoring period 11 – 26 when waste was being disposed of into cell 5A, compared 
to monitoring period 1 – 10 when waste was being disposed of into cell 4D. The next 
section will discuss principal component analysis, the exploratory data analysis 
method used to inform the development of the mixing models. 
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8.3 Principal Component Analysis  
Principal component analysis (PCA) was performed on the dataset as a whole and not 
on individual monitoring periods of data as each individual monitoring period returned 
a Q2 of < 0.05 (as set out in Chapter 4). 
As shown in the scores plot in Chapter 7 (Figure 7.4) both background soils (i.e. Lias 
clay and sandy topsoil) and APC (i.e. Kemsley, Lockerbie, Greater Manchester Waste, 
Slough and Allington) end members are positively weighted on to principal component 
1 (PC1). However, background soil end-members are positively weighted on to 
principal component 2 (PC2) and APC end-members are negatively weighted on to 
PC2. The loadings plot for the complete dataset shows that samples positively loaded 
on to PC1 and negatively loaded on to PC2 (i.e. APC end-members) contain a larger 
proportion of, for example, Cu, Cd, and Ag, whilst samples positively loaded on to PC1 
and on to PC2 (i.e. background soil end-members) contain a larger proportion of Al, V 
and K than others. This is consistent with the known chemistry of the end member, 
shown in the abundance chart (Figure 6.4) presented in Chapter 6. 
In general, monitoring points expected to contain a significant proportion of APC in 
samples (e.g. DS 4 – study average of 31 %) are often plotted near to the APC end 
members. Specifically, during monitoring period 1, DS 1 recorded 100 % APC 
according to the mixing model method. In PCA this monitoring point was positively 
weighted on to PC1 and negatively on PC2, suggesting a similar composition to that 
found in the APC end members. Similarly, samples known to contain little APC, but 
significant amounts of background dust, such as DS 3 during monitoring period 18, 
were found positively weighted on PC1 and positively weighted on PC2, near to the 
background end-members. 
Interestingly, DS 4 from monitoring period 17 is also noticeably close to the 
background end-members in the scores plot. Although this monitor is close to APC 
sources on site and it is more likely to be similar to APC in composition it is not on this 
occasion. % AAC recorded at DS 4 during this monitoring period was 100 %, however 
the proportion of APC determined to be in this sample using binary mixing was 5 % 
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and therefore, likely to contain 95 % background soils. This shows that the mixing 
model compares favourably with PCA. 
As shown in Figure 7.4, many samples for different monitoring periods are loaded 
negatively on to PC1. As the loadings plot show that samples negatively weighted on 
to PC1 have higher proportions of Mn, Pb, Ca and Fe, therefore, it is thought that 
samples found in this area represent samples nearing detection, considering that 
these four elements (being the most abundant in most samples) are the last to fall 
below detection. Samples found positively loaded on to PC1 but negatively on to PC2 
are thought to be predominantly APC in composition. Samples positively loaded on to 
PC1 and positively loaded on to PC2 are thought to be predominantly soils in 
composition. 
The results from PCA presented in this study therefore, demonstrate the benefits of 
exploratory data analysis in identifying relationships between samples and sources 
before additional data handling steps are performed. 
 
8.4 APC dispersion on and around Wingmoor Farm 
The ICP-MS results presented in Chapter 6 were used to derive estimated APC 
proportions and these are discussed below. 
 
8.4.1 APC dispersion throughout the study 
APC was found to be leaving Wingmoor Farm during every monitoring period, except 
monitoring period 15. As shown in Figure 8.2below, the highest average APC 
proportions throughout the study were detected at monitors closest to the APC 
processing facilities (DS 4 – 31 %) and disposal cells (DS 12 – 42 %; DS 1 – 34 %; 
DS 13 – 30%). The lowest average APC proportions detected were at DS 6 (2 %) at 
the southern perimeter of the site and at DS19 (4 %), over a kilometre away to the 
north-east. Monitoring period 18 and monitoring period 20 recorded the highest 
number of APC detections on monitors (15). Only one monitor, DS 10, detected APC 
during monitoring period 4.  
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Figure 8.2 - Ranked average percentage of APC at each monitoring point during the study 
 
 Figure 8.3 shows a transect across the site from south-west to north-east from DS 1 
to DS 17. Both APC and AAC decrease significantly between DS 1 and DS 14. 
Between DS14 and DS16 there is an increase in both APC proportion and AAC. AAC 
continues to increase between DS16 and DS17 but APC decreases slightly between 
these two locations. The increase in AAC suggests that there is another source of dust 
along this transect between DS 14 and DS16, or that dust from Wingmoor Farm is by-
passing DS14 and depositing at DS 16 and DS 17. This is more likely, considering 
that DS14 and DS 16 are not linearly arranged along an array from Wingmoor Farm 
and is also the likely explanation beyond the increase in APC between DS 14 and DS 
16. 
 
Figure 8.3 - North-eastern APC and AAC transect 
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8.4.2 Effect of cell change on APC dispersion 
As shown in Figure 8.4, the highest APC proportions recorded between monitoring 
periods 1 and 10, when waste was being disposed of to cell 4D, were at DS 1 (54 %), 
DS 4 (43 %) and DS 11 (28 %). DS 1 and DS 4 were the monitors positioned nearest 
to cell 4D and DS 11 was the next-closest monitor downwind of the cell. Of the off-site 
monitors, DS 11, positioned adjacent to the Wingmoor Farm East, site entrance, 
recorded the highest proportion of APC whilst DS 12 and DS 13, positioned to the 
north of the waste cell, both recorded 24 % APC. DS 15 positioned near Bishop’s 
Cleeve recorded an average proportion of 2 %. Both DS 5 and DS 6 recorded no APC 
between these monitoring periods, whilst DS 2 and DS 3 both recorded 1 % APC. The 
latter four monitors were on-site but they were not positioned near to cell 4D and were 
up-wind of APC processes.  
The reduction in APC proportion at DS4 between monitoring period 11 and 26 at DS4 
(the closest monitoring point to the APC plant) may have been influenced by soil 
stockpiling nearby during the latter half of these monitoring periods. For example, the 
proportion of APC at DS 4 (the closest monitor to the APC treatment plant) decreased 
from an average of 32 % (between monitoring periods 1 and 18) when stockpiling was 
not occurring immediately west of the APC plant, to 13 % when stockpiling was 
ongoing. This suggests that stockpiling clay near the treatment plant generated dust 
and in the process increased the proportion of background dust found on samples, in 
turn reducing the proportion of the overall dust sample consisting of APC. 
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Figure 8.4 - Ranked average APC percentage (monitoring period 1 - 10) 
 
A transect, presented in Figure 8.5 representing a south-west to north-east transect 
from cell to off-site, presents selected data from Figure 8.4, spatially. Here, a 
significant decrease in APC and dust was noted between DS 1 and DS 14. APC 
increased slightly, however considering that AAC was near zero, a percentage 
increase of ca. 3 % APC is insignificant. 
 
Figure 8.5 – North eastern APC and AAC transect (monitoring period 1 - 10) 
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Figure 8.6 shows that between monitoring periods 11 and 26, when APC was disposed 
of to cell 5A, the highest average proportion of APC was recorded as 54 % at DS 12, 
an off-site monitor. This monitor was positioned approximately 50 m to the north of cell 
5A. The lowest average APC proportion between monitoring period 11 and 26 was at 
DS 14 and DS 6 (4 % each). Interestingly, DS 15 (9 %), which was positioned beyond 
DS 14, recorded a higher proportion of APC between these monitoring periods. The 
reason for this is unknown, but one possible explanation is that dust bypassed DS 14 
and impacted on DS 15 due to DS 14 being positioned slightly to the north of the line 
of sight between DS 15 and the APC processing and disposal areas. Alternatively dust 
may have been lifted over DS 14 due to the thermal buoyancy caused by the 
exothermic reaction encountered between APC and water mixing in the processing 
plant and continuing after disposal in the waste cell. 
 
Figure 8.6 - Ranked average APC percentage (monitoring period 11 - 26) 
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Figure 8.7 - North-eastern APC and AAC transect (monitoring period 11 - 26) 
 
As shown in Figure 8.7, a significant increase in dust between DS 14, DS 16 and DS 
17 was noted between monitoring period 11 and 26 although APC proportion remained 
largely constant at DS 16 and DS 17. The increase in APC between DS 14 and DS 16 
during this monitoring period is likely to be as a result of a shift in the disposal of waste 
in to cell 5A. This resulted in DS 16 being relatively closer to this cell than DS 14. 
A change in APC proportion occurred at DS 2 between monitoring periods 1 – 10 and 
11 - 26, increasing from 1 % to an average of 28 % over the latter period. Similarly an 
increase in APC proportion at DS12, from an average of 24 % over monitoring periods 
1 - 10 to an average of 54 % over monitoring periods 11 - 26. A significant drop in APC 
proportion was noted at DS 1 between monitoring period 1 and 10, from an average 
of 54 % to 14 %. Similarly a drop in average APC % was noted at DS 4 (43 % to 23 
%) from monitoring periods 1 - 10 to 11 – 26. These observations can be explained by 
the change in cells used for APC disposal, from 4D to 5A during monitoring period 10. 
Both DS 2 and DS 12 were significantly closer to cell 5A than to cell 4D. Conversely 
DS 1 and DS 4 were closer to cell 4D than to 5A.  
The change in cell from 4D to 5A appears to have also resulted in most off-site 
monitors, with the exception of those directly to the north of cell 5A (i.e. DS 12, DS 13 
and DS 18), recording an increase in average % APC (DS 12: 24 % - 54 %; DS 13: 24 
% – 33 %; DS 18: 5 % - 8 %) between monitoring periods 11 to 26 than between 
monitoring periods 1 to 10 .  
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8.4.3 Other effects on APC dispersion 
APC proportion at DS 1 and DS 4 did not increase linearly with time during monitoring 
periods 1 and 10. Considering that during this period the height of APC in the waste 
cell was increasing with the continuous addition of APC, it suggests that there was no 
strong relationship between the height of waste in cell 4D and the % APC measured 
at each monitoring point. This suggests that it is the location of the hazardous waste 
cell, rather than the height of the waste in it, affecting the dispersion of APC. 
There was a slight positive correlation (r = 0.72) between the tonnage of APC disposed 
of to landfill and the average % AAC between monitoring periods 11 to 26 but no such 
correlation was found between monitoring periods 1 – 10. The former may be 
explained by vehicle movement. For example, as shown in Figure 8.8 when the lowest 
number of vehicle movements between the treatment plant and waste cell was 
recorded during monitoring period 15 there was a drop in average % APC in the dust 
and a drop in % AAC. Similarly when there was an increase in vehicle movements 
during periods 16 and 17, there was also an increase in average % AAC levels. 
 
Figure 8.8 - Average % AAC and vehicle movement comparisons 
170 
 
 
This increase in % AAC can be further explained by an increase in vehicle movements 
and associated processes attributable to an increase in APC tonnage accepted on 
site. During monitoring periods 11 – 26, when the correlation is strongest, the increase 
in distance along an unmade haul road to cell 5A may have exacerbated dust levels 
during monitoring periods with more vehicle movements than by those with less 
vehicular activity. This relationship may not be clear between monitoring periods 1 – 
10 because of the short haul route between the treatment plant and the waste cell 
(4D). Furthermore, this may partially explain why APC levels do not correlate directly 
with increased dust levels (i.e. because a negligible proportion of APC is thought to 
contribute to the haul road dust). 
Cell capping occurred at cell 4D between monitoring periods 15 and 16. Interestingly, 
% APC found at DS 1 dropped from 45 % recorded during monitoring period 14 to 0 
% during monitoring period 15. APC proportion at DS 1 dropped from an average of 
49 % during monitoring periods 1 – 14 to an average of 6 % between monitoring 
periods 15 - 26. This suggests that of the APC found at DS 1 during this study, a 
significant proportion was derived from cell 4D. A reduction in APC levels was noted 
at DS 4, DS 11 and DS 14, further supporting this theory. In general, monitors between 
Wingmoor Farm and Bishop’s Cleeve saw a decrease in % APC from 16 % (monitoring 
period 1 – 14) to 14 % (monitoring period15 to 26). However, monitors closest to cell 
5A (DS 12, DS 13) saw an increase in APC. This indicates that moving the cell 
approximately 100 m west (i.e. further away) did not significantly reduce the potential 
impact of APC on Bishop’s Cleeve 
 
8.4.4 Dust dispersion maps 
8.4.4.1 Variograms 
The variograms generated by geostatistical modelling varied considerably throughout 
the study. The relatively high variance, typically above 400, noted on most samples at 
a lag distance of approximately 300 m is thought to be generated by the proximities of 
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a number of monitors positioned on and close to Wingmoor Farm which have differing 
APC levels. 
There was no apparent relationship between the variogram output per monitoring 
period (shown in Appendix Figures F1 – F25) and any meteorological data (for each 
respective monitoring period) collected during the study. Furthermore, there appeared 
to be no relationship between these variograms and any site activity. 
Although APC at receptors is not directly measurable due to sampler locations, the 
dust maps provided an opportunity to estimate APC proportions at receptors in the 
area. The maps are a powerful visual tool, and useful for understanding dust 
dispersion at and around the facility.  
Standard deviation maps, presented in Figures G.1 – G.25 in the appendix and 
generated alongside each dispersion map, demonstrate the error associated with 
interpreting data between monitoring points. For example, the largest standard 
deviation scale recorded was during monitoring period 1 at ca. 40 % around the fringe 
of the sampling area. This is because of the distance between the fringes and the 
data-points used to generate its APC percentage value. The lowest standard deviation 
was recorded between DS 7 and DS 8 (ca. 7 %) owing to their close proximity to each 
other (ca. 20 m). Within the bounds of the sampling area (i.e. DS 18 being the northern 
boundary, DS 15 being the eastern boundary, DS 2 being the western boundary and 
DS 6 being the southern boundary) for all monitoring periods the standard deviation is 
ca. 20 %.  
APC proportions at receptors, derived from dispersion maps, from each monitoring 
period are presented in appendix table M.1a – M.1b. Based on mapped APC 
proportions, average APC levels at Pussy Willows and Court Farm were visually 
estimated to be ca. 24 % (± 20 to 25 %) for the duration of the study. APC proportion 
estimated at Haydn was approximately 11 % (± 20 %). The proportion of APC 
measured at the fringes of Bishop’s Cleeve (DS 15) during this study was ca. 5 % (± 
5 %). APC proportion estimated at each receptor on the basis of the map compares 
favourably with average APC levels determined at each indicator monitor. It should be 
emphasised that the maps are of proportion, not amount and this is discussed in more 
detail below. 
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In general there appears to be a relationship between the dispersion of APC presented 
in the maps and the average wind direction measured during each monitoring period. 
For example, as shown in Figure 8.9 when winds arising from the south-west 
predominate, APC is largely detected on monitors to the north-east (i.e. DS 11, DS 14, 
DS 16) but not on monitors to the south and west.  
 
Figure 8.9 – Monitoring period 7 dispersion plot and wind rose 
 
Similarly, as shown in Figure 8.10 when winds arise from the north and north-east, 
APC was often noticeable on monitors to the south and west (i.e. DS3, DS 5 and DS6) 
but less so on monitors to the north-east. Variations in wind direction within monitoring 
periods are likely to propagate dust in other directions and these are noted in the 
meteorological summary in the appendix tables N.1 – N.26.  
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Figure 8.10 - Monitoring period 13 dispersion map and wind rose 
 
According to QUARG (1996), wind speeds greater than 5.4 ms-1 are required to erode, 
suspend and disperse particulate matter from exposed stockpiles. During this study 
27 % of average daily wind speeds reached this threshold. During monitoring period 
6, ten days recorded average wind speeds above 5.4ms-1 and winds were from the 
south-west. This did not correspond with an increase in the potential risk of dust 
nuisance or with an increase in % APC explained in the dust.  
During monitoring period 13 winds blew predominantly from the north-east and % AAC 
was measured at 49 % and average % APC at 10 %. The following monitoring period 
when winds arose from the south east average % AAC rose to 72 % and % APC to 27 
%. The following monitoring period saw a return to north-easterly winds and both % 
AAC and % APC decreased. This suggests that during north-easterly winds, APC 
dispersion is likely to be low. During monitoring periods 13, 15, 16 and 17 when winds 
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were from the north and north-west APC was detected at DS 5, however it was only 
identified once at DS 6, during monitoring period 17.  
As noted in Chapter 2, topographic surface features such as hedges, trees and soil 
bunds may all impact on both inbound wind and wind with dust entrained. On a site 
such as Wingmoor Farm where waste cells protrude above the natural topography of 
the area and in some cases dip well below the surface, it is likely to alter wind patterns 
in the local area. For example, during monitoring period 10, deciduous trees 
approximately 30 m in height were removed from an area approximately 30 m to the 
north of DS 5. This bank of trees may have acted as a screen, protecting the APC 
plant from direct, unabated south-westerly winds. The removal of this bank of trees 
also coincided with a general increase in dust and APC detected on monitors. These 
trees may have played a part in protecting the treatment plant from strong winds, 
however their position would not prevent winds affecting cell 4D or 5A. 
 
8.5 Estimating APC amount 
The proportion of APC presented above is irrespective of dust amount. For example, 
a sample recording 100 % AAC from which an APC proportion of 100 % APC was 
measured (where the whole sampling area is covered in dust and all of that dust is 
APC) is expressed the same as a sample recording an AAC of 10 % but an APC 
proportion of 100 % (where only 10% of the sampling area is covered in dust, but all 
of that dust is APC). It is therefore, important to discuss the results based on the 
relative amount of APC present in relation to the amount of dust. Table P.1a and P.1b 
found in the appendix identify the % of AAC (i.e. the percentage of dust) in each 
sample that is APC (i.e. APC dust). It will be referred to in the following text as APC 
amount 
 Figure 8.11 below presents % APC and % AAC at DS1 per monitoring period throught 
the study period. From this figure it is possible to see the variations in dust (expressed 
as % AAC) and APC. As noted by Datson (2010), there is a margin of error of ca. 5 % 
in the AAC results, and therefore, where APC is determined from an AAC of < 1 %, 
this should be acknowledged. Similarly, an error of ± 5 % exists for APC proportion. 
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Appendix tables Q.1a – Q.1b show the proportion of  APC overlain on to the risk matrix 
for each sample.  
 
Figure 8.11 – APC and AAC at DS1 per monitoring period. Note intervals where % APC is higher 
than % AAC. 
 
8.5.1 APC at indicator monitors 
A 2006 study by Macleod et al. was based on worst case scenarios, assuming that 
100 % of the dust leaving Wingmoor Farm was APC. Macleod et al., (2006) did 
demonstrate, however, that there was unlikely to be any harm to local receptors from 
the potentially harmful components of APC. By averaging the APC amount for each 
off-site monitor across all monitoring periods, the present study has shown that APC 
accounts for approximately 11 % of overall dust measured in this study, demonstrating 
that the modelled concentration was overcompensating the contribution of APC to the 
dust by an order of magnitude. 
In general the overall amount of APC in the dust at off-site monitors increased from 
3% (recorded between monitoring periods 1 and 10) to 16% between monitoring 
periods 11 to 26). As noted previously, the most important monitors used to assess 
risk at potential receptors were DS 2, DS 3, DS9 and DS 15. APC amounts at these 
monitoring points are discussed below. 
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DS 2 – Pussy Willows and Court Farm 
In general, as the potential risk of nuisance increased from monitoring periods 1 - 10, 
to 11 – 26 at DS 2, so too did APC amount, increasing from 0 % to an average of 27 
% (range: 0 % - 79%) respectively. During periods of high potential risk (appendix 
tables K.1a – K.1b) APC amount was, on average, 45 % (range: 25 % - 70 %) 
indicating that almost half of the dust leaving Wingmoor Farm during periods of high 
potential nuisance towards Pussy Willows and Court Farm was APC.  
 
DS 3 – Clay shooting club. 
APC amount increased from an average of 0 % during monitoring period 1 – 10 to 10 
% (range: 0 % - 80%) between monitoring periods 11 – 26 at DS 3. This indicates that 
the disposal of APC into cell 5A resulted in APC leaving the site boundary at DS 3 
whereas when disposal was in cell 4D, APC contribution at this monitoring point was 
negligible. 
 
DS 9 and DS 10- Haydn and Bishop’s Cleeve Rugby Club 
APC amount increased from an average of 3 % (range 0% - 29 %) between monitoring 
periods 1 and 10 to an average of 6 % (range 0 % - 20 %) between periods 11 and 26 
at DS 9. This indicates that moving cells did have an impact on % APC, however this 
was not as pronounced as at DS 2 and DS 3 as these monitors were significantly 
closer to the new cell. During periods of high potential nuisance, APC contributed on 
average 15 % (range: 10 % - 20 %) of the total dust at this monitoring point. 
As Haydn (a residential property) is closer to the entrance of Wingmoor Farm than DS 
10 it can be assumed that this property is likely to experience a similar proportion of 
APC, if not higher, than that experienced at DS 10. 
 
 
DS 15 – Bishop’s Cleeve western boundary 
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APC amount at DS 15 increased from an average of 1 % (range 0 % - 6 %) during 
monitoring periods 1 to 10 to an average of 8 % (0 % - 58 %) between monitoring 
periods 11 to 26. No high risk of impact was recorded at DS 15 during the study, 
however during the one period of medium risk (monitoring period 18) APC accounted 
for 30 % of the dust at this sampler. 
 
DS 5 and DS 6 – Wingmoor Farm Southern Boundary 
Results from DS 5 and DS 6, although situated relatively close to APC processing and 
disposal areas (< 100 m south) recorded low APC amounts in their samples (5 % and 
3 % respectively). Monitors of an equal distance away but situated to the north-east of 
the waste disposal cells (e.g. DS 11) recorded an average APC amount of 26 %. These 
results are suggestive that wind direction is important in dust dispersion and this will 
be discussed later.  
To summarise, APC was found to be present at the nearest receptors to Wingmoor 
Farm during the study. In particular, the closest receptors to cell 5A experienced the 
highest APC amounts. Very low levels of APC were found at DS 15 (5 % of dust). 
Interestingly, APC was found at DS 19, approximately 1 km down-wind of the site, 
albeit in very low levels within the dust (study period average of 3 % (range: 0 % - 20 
%). APC accounted for ca. 2 % (range: 0 % - 15 %) of dust at DS 6, positioned due 
south of the mixing plant, between monitoring periods 11 to 26.  
 
8.5.2 APC track-out 
Vehicular track-out of APC from Wingmoor Farm via attachment to wheels and 
undercarriage is another possible route of dispersion.  
DS 10 was used to assess vehicular track-out as it was positioned alongside Stoke 
Road, approximately 100 m east of the site close to Bishop’s Cleeve residences. APC 
was detected during 14 monitoring periods at this monitoring point. Between 
monitoring periods 1 and 10, APC accounted for 2 % (range: 0 % - 15 %) of dust found 
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at this location, however between monitoring periods 11 and 26 this had increased to 
13 % (range: 0 – 25 %).  
As Haydn, a residential property, is closer to the entrance of Wingmoor Farm than DS 
10 it can be assumed that this property is likely to experience a similar proportion of 
APC in its immediate vicinity from re-suspended material, if not higher, than that 
experienced at DS 10. 
In the context of vehicular track-out, a study commissioned by a Bishop’s Cleeve 
pressure group, Safety in Waste and Rubbish Disposal (SWARD), and conducted by 
Greenfield Science Ltd, determined that APC was present on Stoke Road, which runs 
parallel with the northern edge of Wingmoor Farm (2010). SEM-EDAX was used as 
the method of analysis. It is very likely that APC is found at a number of locations along 
Stoke Road, considering APC was found at monitoring locations off-site during the 
present study. The highest concentrations of APC would be expected to be found 
directly to the north of cell 5A during the Greenfield Science study as APC was being 
disposed of near this location. The Greenfield Science study instead found the highest 
levels of Ca (the Greenfield Science Ltd marker for APC) outside the entrance to 
Malvern View Business Park to the east of the site and approximately 200 m from the 
hazardous waste cell, measuring 35 %. It is likely that some APC is tracked along 
Stoke to Malvern View Industrial Estate and beyond, as evidenced by APC found at 
DS 10 in the present study, which was determined to be ca.13 %, although this is not 
as significant a contribution as presented by Greenfield Science Ltd. Another likely 
source of the elevated Ca (compared to background soils, identified by Si in the 
Greenfield Science Ltd study) in the sample may be from Elliott’s Aggregates Ltd, an 
aggregate processing facility positioned at the entrance to Malvern View Industrial 
Estate which may be handling Ca-rich materials, although neither this study nor the 
Greenfield Science Ltd study investigated the dust emissions from this facility.  
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8.6 Meteorological parameters affecting dust dispersion at Wingmoor 
Farm 
As noted above, dust and APC levels fluctuated between monitoring points and 
between monitoring periods throughout the study. This section describes the 
parameters that may be responsible for the generation and control of APC and dust. 
 
8.6.1 Dust dispersion 
During this study there was a correlation (r = 0.76) between the average % AAC per 
monitoring period and the average temperature recorded during each monitoring 
period. The lowest average temperature recorded during the study also coincided with 
the lowest average % AAC recorded during the study (< 1 %). The average 
temperatures recorded per monitoring period increased from an average of 7°C during 
monitoring periods 1 – 10 to an average of approximately 13°C between monitoring 
periods 11 – 26. This increase corresponded with an increase in average APC 
proportions measured across all monitors during the same period.  
The lowest average temperature, recorded during monitoring period 4 (3°C) 
corresponded with the lowest average % APC during this study. However, the highest 
average temperature for a monitoring period (18.6°C) recorded during monitoring 
period 20 did not correspond with the highest average proportion of APC in dust which 
was recorded during monitoring period 14. % APC was positively (but weakly) 
correlated with temperature (r = 0.54).  
As shown above, average temperature appears to correlate well with average % AAC 
in dust samples per monitoring period. It is possible that with an increase in 
temperature there is an increase in moisture evaporation from soil, providing dry soil 
for dispersion. This process has previously been suggested by Ridgwell, (2002) as a 
reason for an increase in dust generation with temperature increase. Low 
temperatures may slow down the rate of evaporation, therefore, reducing the rate at 
which soils dry out. This finding is further supported by research on temperature 
impacts on soil moisture content. Bonsu (1997) found that as temperature increases 
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so too will rates of evaporation, which is likely to increase the availability of dust for 
dispersion. Furthermore, in a study by Strong et al. (2011) it was found that with 
increased temperature there was an increase in the number of dusting events 
recorded in the lower Lake Erie Basin, Australia.  
 
8.6.2 Parameters affecting APC dispersion 
The correlation between temperature and APC proportion (r = 0.54) is not strong for a 
number of possible reasons. Firstly, when mixed with water and leachate the APC 
experiences an exothermic reaction in which some particles may be entrained in the 
release of steam, providing a different mechanism for suspension and possible 
dispersion that is not reliant on ambient temperature controls. The areas exposed to 
the exothermic reaction are also dried and therefore, particles are immediately made 
available for dispersion. Secondly, due to the high turnover of APC disposed of into 
waste cells, the effect of rainfall is unlikely to significantly reduce the amount of dust 
available for dispersion.  
As discussed previously, Engelstaedter et al., (2006) found that increased rainfall 
resulted in increased moisture, which in turn reduces the number of particles available 
for suspension. This relationship was not found conclusively in this study with average 
% AAC and % APC levels appearing to be seemingly unaffected directly by variation 
in rainfall, although the relationship between temperature and dust levels seemingly 
indicate an association.  
 
8.7 PM10 monitoring data 
PM10 data were collected at one on-site monitoring location (DS 2) and one off-site 
monitoring location (DS 17) during this study. No data were collected during monitoring 
period 26. In general there was no correlation between average % AAC, APC amount, 
and PM10 levels.  
There was a positive correlation (r = 0.67) between on-site and off-site PM10 levels. 
On average, PM10 levels both on and off-site were comparable (14.4 µg m-3 and 13.7 
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µg m-3 respectively). No correlation was found between PM10 levels and average % 
AAC levels found at DS 2 and DS 17 during this study. Furthermore, no correlation 
was found between average APC levels and PM10 levels at each monitoring location.  
Macleod et al. (2006) derived an average PM10 concentration at Haydn, the nearest 
potential receptor to be 1.8 µg m-3. Considering that roadside PM10 emissions are 
typically between 10 - 80 µg m-3 (Abu-Allaban et al., 2003), with the variation explained 
by the number and type of vehicles using the road, location and time of day, the PM10 
emissions determined by the Macleod study were very low. During the present study 
an average PM10 concentration of 14 µg m-3 was determined by averaging off-site 
PM10 concentrations and on-site concentrations. As both on-site and off-site PM10 
levels were similar in the present study, it is likely that this was a background level of 
PM10 and therefore, it is more likely that PM10 levels at Haydn are closer to 14 µg m-3 
than the 1.8 µg m-3 modelled by Macleod et al. 
Both onsite and off-site PM10 levels were less than 50 % of the National Air Quality 
Standards (NAQS) air quality objectives (AQO) limit of an annual mean of 40 
µg/m3The highest PM10 levels were recorded during monitoring period 9, measuring 
45 µg m-3 (DS 17) and 47.8 µg m-3 (DS 2). These corresponded with the highest 
tonnage of APC accepted on-site (1884 tonnes), however this may be more 
coincidence than a causative relationship as similarly high levels of APC were 
accepted during other monitoring periods without a corresponding increase in PM10 
levels. 
PM10 levels were higher on average between monitoring periods 1 to 10 (16.7 µg m-3) 
than between monitoring periods 11 to 26 (11.7 µg m-3) at DS 17. This was repeated 
at DS 2 where an average of 16.2 µg m-3 was recorded during monitoring periods 1 to 
10 and 13.2 µg m-3 and an average of 13.2 µg m-3 was recorded between monitoring 
periods 11 to 26. As PM10 levels at DS 2 decreased when cell 5A came in to use it is 
likely that APC disposal to landfill did not generate any significant quantities of PM10 
particles. As PM10 levels at DS 17 also varied by a similar amount it is likely that levels 
are controlled by regional conditions and not site-specific generation and can 
therefore, be described as background PM10 levels for the area. This suggests that 
the peak during monitoring period 9 was a regional event rather than a site-instigated 
PM10 event. The PM10 data derived from this study may help with any future planning 
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application where PM10 generation from such waste disposal practices are required 
as they indicate that PM10 levels generated by such a facility are low. 
As noted in Chapter 3, the Health Protection Agency (HPA) study measured 
concentrations of polychlorinated biphenyls (PCBs) in the air around Wingmoor Farm 
and Bishop’s Cleeve. Although no PCB concentration limits in air have been 
designated the average concentration in air in urban areas is estimated to be 0.003 
µg m-3 (HPA, 2010). Owing to the lack of PM10 data the HPA study used a PM10 
concentration of 40 µg m-3 from which they determined PCB concentrations. The study 
concluded that PCB levels at Wingmoor Farm were well below the urban level, of 
1.4x10-7 µg m-3. The present study identified that average PM10 levels were 16 µg m-
3, which suggests that actual PCB levels are likely to be even lower than found in the 
HPA study. In the same study a PM10 concentration of 40 µg m-3 was used to assess 
dioxin and furan concentrations at Wingmoor Farm. According to the World Health 
Organisation the threshold above which concentrations are likely to cause harm for 
dioxin and furans in air is 3x10-3 µg m-3. The HPA determined concentrations to be 
1.4x10-8 µg m-3 at Wingmoor Farm. Again, as PM10 concentrations measured at 
Wingmoor Farm during the present study were less than 40 µg m-3 it is likely that dioxin 
and furan concentrations were also lower than suggested by the HPA. 
 
8.8 Summary 
In general, it appears that a high risk of nuisance dust is more associated with monitors 
close to on-site activities and therefore, proximity is the most significant factor (i.e. the 
closer a monitoring point is to a dust generating activity, the more at risk it is). This 
was emphasised in the data when disposal of APC changed from cell 4D to cell 5A. 
This finding is further refined by the wind direction; monitoring points downwind 
recorded a higher level of dust and amount of APC, than an up-wind monitor a similar 
distance away.  
Ambient temperature also appeared to have an impact on % AAC, with an increase in 
temperature corresponding to an increase in dust levels. As noted previously this is 
likely to be due to increased soil moisture evaporation providing suitable conditions for 
dust dispersal.  
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Rainfall did not appear to have a significant impact on dust levels on this site, which is 
likely to be due to the nature of operations on site. Continuing turnover of materials 
throughout the day provides dry material for dispersion. Ongoing vehicle movements 
along haul roads are also likely to be mixing wet material with dry soil underneath the 
surface, thus providing dry material on haul roads for dispersion.  
The results and conclusions of this study have provided the basis for several 
recommendations, both for future repetition of the study’s methodology and for dust 
management on sites. These will be presented in the following chapter. 
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9 Discussion 
This study, for the first time, combines passive directional dust monitoring methods 
with ICP-MS analysis, binary mixing modelling and geostatistical modelling to 
generate dust dispersion maps, enabling a record of APC dust dispersion on and 
around a hazardous waste landfill site for a complete calendar year. This is therefore, 
the first study of nuisance dust dispersion on such a scale, using these methods. 
Although previous research has measured and assessed the long-distance transport 
of > 10 µm dust, in particular from desert environments (Rezazadeh et al., 2013 and 
references within), most dust dispersion studies focus predominantly on the 
measurement and source apportionment of finer fractions of particulate matter known 
as PM10 and PM2.5, due to the potential deleterious health effects of their inhalation 
(WHO, 2003). These size fractions have been assessed at various degrees of 
resolution, from pan-European source apportionment (e.g. Juda-Rezler et al., 2011), 
regional source apportionment (e.g. Pandolfi et al., 2008) and locally (e.g. Harrison et 
al., 2012). Geostatistical modelling has been used previously to inform maps for 
contaminated land assessments (e.g. Ahmed et al., 2011 and Carlon et al., 2001), 
Europe-wide PM10 assessments (e.g. Beelen et al., 2009) and gaseous air pollution 
assessments (e.g. Croisé et al., 2005), but this study is the first time such modelling 
has been used in the context of nuisance dust dispersion. 
Although dust that is not inhalable is generally not considered a health hazard, heavy 
metal analysis studies suggest that coarse dust may contain harmful components 
which could potentially be ingested (Khuzestani and Souri, 2013) and therefore, the 
development of methods to assess its dispersion, as carried out in the current work, 
is arguably as important as it is for finer particulate matter. The most apparent impact, 
however, of the coarser dust fraction on people and communities is its potential to 
cause nuisance. Dispersion of the coarser, macroscopic dust fractions (10µm and 
greater) that constitute nuisance dust has not been studied in any great detail despite 
its potential to have a significant negative impact on communities through soiling (e.g. 
Turner, 2013; and BBC News, 2013). In this example, dust generated from unspecified 
activities at Tata Steel’s Port Talbot Steel Works was identified as the main potential 
source contributing to soiling on windowsills, clothes and vehicles of residents in 
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nearby streets, which resulted in national media coverage. As demonstrated by these 
articles, this ongoing incident has caused tension between the operators and the local 
community, negative publicity for Tata Steel, and has financial implications due to legal 
action taken by residents. The present study could be used as a means of determining 
the source(s) contributing to the dust at receptors in Port Talbot using the methods set 
out above. The applicability of this method to other environments and scenarios 
demonstrates that it fills an important gap in the particulate matter dispersion literature 
by providing a rigorous methodology for collecting, measuring, modelling and mapping 
coarser dust dispersion.  
Dispersion of total suspended particulate matter, including ‘nuisance dust,’ at most 
sites is currently assessed by means of theoretical models (e.g. Macleod et al., 2006; 
Tartakovsky et al., 2013; Zhu et al., 2014). The drawback of this modelling approach 
is that it often does not use site-specific data for its predictions. Prior knowledge of the 
types of dust present at a given site, as well as the sources of the dust, is required in 
order to predict how it will disperse into the surrounding environment. Considering that 
the make-up of soils at various sites will differ from one site to the next, non-site 
specific data is likely to generate erroneous results. The significant variation in soil 
composition not only between sites but within each site is demonstrated by Mele et al. 
(2011), who show that composition may vary, even within the same type of source 
material, as demonstrated by their study of volcanic ash particles emitted during a 
single eruption.  
In theoretical dispersion modelling studies, the properties of each dust type of interest 
are taken from emission inventories, which often provide ill-defined, arbitrary and often 
out-of-date data (Winiwarter et al., 2009). As there are no emission factors for coarse 
particulate matter, assumptions on its dispersion are generally made on the basis of 
its composition (e.g. Macleod et al. 2006) and may therefore, be misleading. 
Therefore, in complex environments where multiple dust sources are present, such 
modelling methods may not provide the most complete or accurate picture of dust 
dispersion. The method developed and used in the current study circumnavigates 
these issues by using passive directional dust monitors, which, following computer-
based analysis, allow the direction and thus the potential source of dust at a given site 
to be identified.  
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Previously at Wingmoor Farm, theoretical models (AERMOD and the Fugitive Dust 
Model (FDM)) were used to assess the impact of the constituent parts of APC on 
nearby receptors. No empirical collection and analysis method was used to assess the 
composition of the dust, so Macleod et al. (2006) used a worst case scenario, in which 
all dust leaving Wingmoor Farm was attributed to APC. This current study has refined 
that assumption and demonstrated that a significantly smaller proportion of the dust 
that left Wingmoor Farm during this study period was APC. It is therefore, suggested 
that evaluation of dust dispersion using theoretical models on active sites (e.g Macleod 
et al., 2006) should be fine-tuned using assessments such as the one presented in 
this current study.  
 
9.1 Sampling 
The use of passive directional sticky pad samplers in this study demonstrates an 
inexpensive but effective means of capturing dust in the field whilst also providing 
directional information on the potential dust source.  
Numerous other samplers have been used to collect dust for further source 
apportionment investigations (Sow et al., (2000) and references within). For example, 
Sofer et al., (2012) used glass slides and petri dishes to collect dust around a number 
of different businesses in an industrial environment to determine which industrial 
processes produced the most dust. Frisbee samplers have also been used to assess 
dust deposition at a given location (Hall and Upton, 1967). These methods do not allow 
for directional analysis, which is an important factor when determining a dust source. 
Recently a directional Frisbee type sampler has been developed by Lin et al., (2011), 
which allows for the collection of directional dust samples and subsequent gravimetric 
analysis of the collected material. Although a scientifically robust sampler, the method 
has several problems when applied to real-world dust monitoring environments, most 
notably the time required to extract and analyse each segment’s collected dust sample 
from the monitoring instrument (before further analysis) and the overall cost of the 
device. The only disadvantage of the directional sticky pad samplers used in the 
present study compared with the directional Frisbee sampler is that due to the sample 
preservation techniques, blank correction is required to chemically analyse the 
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sample.  The directional Frisbee sampler does not have this issue (unless adhesive 
pads are placed within each collection pot, which is suggested by the authors as a 
means of sample retention (Lin et al., 2011)). However, the directional sticky pad 
sampler does also allow for robust directional analysis, and has the advantage of being 
simpler to deploy and having the capacity for long-term sample retention, which 
facilitates analyses of past samples. These points make it the preferable choice for 
such a study.  
Other samplers are used to assess dust dispersion, including real-time instruments 
such as the Osiris, TOPAS and beta-attenuation monitors. These instruments rely on 
meteorological measurements to infer the concentrations of particulate matter from 
each direction. However a number of these instruments, including the Osiris, cannot 
measure particles greater than 20 µm and are therefore, not likely to be able to 
measure a significant proportion of nuisance dust. Additionally, considering the 
significant costs associated with purchasing these instruments (ca. £2000 and above) 
and subsequent maintenance costs, deploying an array of them and ensuring a 
continuous mains electricity supply to each, their use in a study similar to this one 
would likely be cost-prohibitive.  
The directional sticky pad method used in this study allows for the collection of dust 
samples relative to the direction of propagation. With further analysis, it also allows for 
the determination of a sample’s elemental composition, which when combined with 
directional information, facilitates dust source apportionment (Fowler et al., 2010). 
These data then set the framework required for the production of predictive models of 
propagated dust, presented as maps. Based on site-specific data, these maps can 
then provide an up-to-date, useful tool for identifying and managing the dispersion of 
dust at a given site. 
 
9.2 Chemical analysis 
As noted previously, a cross-linked polymer adhesive was used in this study, 
preventing the separation of dust from the sampling medium. As demonstrated by 
Datson and Fowler (2007), a number of elements, including zinc, could not be 
analysed with any great confidence due to the inherent variability of this element not 
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only within each sample, but also across different sections of the same sticky pad 
(Fowler et al., 2010).  
Blank correction, a standard method for removing or reducing the contribution of a 
sampling medium from a sample (e.g. Klinedinst and Currie, 2000; and Ferrat et al., 
2012), was applied by subtracting a reference blank taken from each sticky pad, from 
the sub-sampled section. Some elements varied in concentration across the sticky 
pad, so it may have been more accurate to take a reference sample from a blank area 
of the sticky pad that was closer to the sub-sampled area under analysis. This was not 
possible due to the sticky pad sampling area layout, where 178 mm of the 219 mm 
width was taken up by the sampling area. As a result of this study and other work 
undertaken by the candidate and others (Datson et al., 2012), the problems involved 
with blank correction have been reduced and future studies will not need to repeat 
blank correction for each sticky pad. This research developed and identified a solvent 
soluble adhesive that would allow the de-coupling of dust from the PVC backing. A 
hot-melt adhesive was determined to be the most suitable, eliminating the need for 
complementary blank correction of each sample (Datson et al., 2012). Consequently, 
should this study be repeated, or should this approach be taken at other facilities 
requiring source apportionment and dispersion modelling (e.g. quarries, landfills and 
open-cast coal mines etc.), this hot-melt adhesive sampler should be used.  
Several methods are often used to analyse the elemental composition of dust samples 
with minimum pre-treatment, including (amongst many others) X-Ray Fluorescence 
(XRF), Proton Induced X-ray Emissions (PIXE) and Induced Neutron Activation 
Analysis (INNA) (Rodriguez et al., 2012). Because of the sample collection and 
storage methods used in this study (whereby dust samples were preserved by 
covering the sampling medium with an acetate sheet), these techniques were not 
suitable as the PVC and acetate sheets would inhibit analysis by obstructing both 
beams and rays. Several ‘wet chemistry’ techniques have been used to analyse 
samples collected by the sticky pad method: ICP-AES for example, has been used in 
previous studies (e.g. Datson and Fowler, 2007 and Fowler et al., 2010). Miller-Ihli and 
Baker (2001) and Fowler et al. (2010) agree, however, that ICP-MS is a more suitable 
technique for analysing this type of sample, as it allows lower detection limits for a 
range of elements. ICP-MS analysis has been used successfully for sample analysis 
in a number of different dust characterisation studies, including a study of Atlantic 
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Trade Wind dust by Trapp et al., (2010) and for identifying specific source materials in 
dust propagated along the Sahara-Sahel dust corridor in North Africa (Moreno et al., 
2006). Considering its use in dust analysis elsewhere and its lower detection limits 
than other viable techniques, ICP-MS was chosen for this study and its use confirmed 
its suitability for the analysis of sticky pad samples. The one drawback of the sampling 
medium was that as well as analysing the sample of interest (the dust), ICP-MS also 
necessarily analyses part of the background sampling medium. In order to obtain 
further confirmation of dust sample composition and add an extra dimension to the 
investigation as a whole, additional Scanning Electron Microscopy – Energy 
Dispersive Spectrometry (SEM-EDS) analysis may have been useful in helping to 
determine and confirm the characteristics of individual dust particles by sight, as was 
done by Quina et al., (2008). However, considering that the cross-polymer linked 
adhesive of most samples could not be separated from the acetate sealing sheet this 
method was not practical. Future similar studies could employ SEM-EDS as a 
supplementary tool for identification, particularly if the composition of the nuisance 
dust is unknown and considering that the introduction of an solvent soluble adhesive 
now allows for the release of dust particles from the sticky pad sample.  
The sample digestion method used in this study, using HNO3 and HF, was adapted 
from Chao and Sanzolone (1992). This digestion method has also been used within 
the air quality community, for example when determining the elemental composition 
of PM10 and PM2.5 dusts collected in the vicinity of Barcelona (Querol et al., 2001) and 
when quantifying rare earth metals in dust and peat samples (Ferat et al., 2003). Other 
methods have included an additional organic compound digestion step using HClO4 
(e.g. Elik et al., 2001), however this step was not suited to this study since it would 
have led to additional contamination by providing a mechanism for the input of an 
increased concentration of elements from the cross-polymer linked adhesive and PVC 
backing. 
  
9.3 Binary mixing modelling 
Fowler et al. (2010) demonstrated that source apportionment through binary mixing 
modelling could be used for deriving proportions of APC and background soils from 
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sticky pad samples collected at Wingmoor Farm. The purpose of this Fowler et al. 
(2010) study was to establish a method for identifying APC from a sticky pad sample. 
This method provided the basis on which the present dust dispersion modelling and 
mapping study could be performed. This study has demonstrated that by increasing 
the number of monitoring points (to 19) and positioning them in an array between 
source and receptor, the sticky pad method could be employed to determine APC 
proportions at off-site monitoring locations.   
The previous work by Fowler et al. (2010) found that mixing model ratios of Fe / Ti and 
Ca / Al were most suitable for deriving a proportion of APC in each sample. In the 
current study, data generated by ICP-MS were used to derive binary mixing ratios 
following appropriate data handling procedures to generate a % APC in each sample. 
During this study the relatively low dust levels experienced caused most elements to 
stay below detection limit. Of the elements that stayed above detection, Ca, Fe, Mn 
and Pb did so more times than others. Considering this, and the fact that Ca and Pb 
were found to be more abundant in APC and Fe and Mn were more abundant in soils, 
these respective element ratios were selected for the mixing models. 
 As shown by Fruergaard et al., (2010) APC elemental composition is often different 
between each generating facility and therefore, when studying APC composition at a 
particular site, previous analyses and end member ratio combinations from past 
studies should not be relied upon. This is due to the inherent variability in the 
composition of both end members and in particular APC, considering that it is a mixture 
from several different incinerators, each fuelled by different waste products, resulting 
in varying elemental composition (as shown in Macleod et al., 2006) which can change 
over time. Consequently, during each future source apportionment study, even at the 
same site, end-member chemistry should be determined at the beginning of each 
assessment and site-specific end member element ratios should then be derived from 
this. This also further supports the use of the present study’s technique over that of 
theoretical models for mapping dust dispersion, especially when investigating dust 
with variable elemental composition such as APC.  
Consideration should also be given in future studies to the application of multivariate 
statistical techniques such as principal component analysis (PCA) to provide further 
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support for the mixing model results and in cases where multiple dust sources are 
present, to help identify which of those sources are contributing dust to the samples. 
For example, Masih et al. (2012) used PCA to assist in the determination of the 
sources of polyaromatic hydrocarbons in indoor air. In the current study, PCA 
confirmed that the composition of directional dust samples containing a high level of 
APC was similar to that of the APC grab samples. Similarly, those directional samples 
containing predominantly background soils had a similar composition to the topsoil 
and clay samples. This finding supports and builds on earlier work by Fowler et al., 
(2010) who demonstrated that APC and background soils could be clearly separated 
through PCA. In environments with multiple sources of dust, this method may allow 
the most significant of these sources to be identified in each sample in order to inform 
the development of mixing models. 
 
9.4 Geostatistical analysis and mapping 
One of the limitations of geostatistically modelling the proportions of APC from each 
monitoring point in this study was that no more than 19 monitoring points were used 
at any one time; a number constrained by available funding and logistics. As noted by 
Webster and Oliver (1993), for reliable variograms to be determined (i.e relatively 
structured), at least 150 data points (i.e. monitoring points) need to be generated. 
Additionally, empirical testing has shown that a minimum of 40 data points are needed 
to reasonably define a variogram that is used to inform the kriging process (Pincock 
Perspectives, 2008). Theoretically, kriging can be performed on as low as three 
samples, and Bohling (2005) demonstrated that kriging can be performed using 10 
samples, indicating that the use of 19 samples as is the case in the current study is 
suitable for kriging but may not benefit from additional variogram modelling. 
The variograms generated within this study were unstructured and therefore, support 
the findings of Pincock Perspectives (2008) and Webster and Oliver (1993). They also 
show that there does not appear to be any significant spatial dependence between 
sampling locations beyond approximately 400 m. This may be a result of a 
combination of factors, including the positioning of monitors in all directions around the 
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source and the variability in meteorological conditions. However, as noted by Webster 
and Oliver (1993) and demonstrated by Bohling (2005), considering that kriging was 
performed, the associated standard error across the mapped area was able to be 
determined. This ranged from < 5 % between monitoring points closest to each other 
and up to 35 % between the largest separation distances. For example, the standard 
error between monitoring points 7 and 8 is substantially lower than that between 
monitoring points 14 and 15. This range of standard error is not uncommon and, as 
shown by Thiart and Stein (2013), can sometimes be above 50 %. As well as 
highlighting the standard error associated with the mapping process these maps also 
provide a way of identifying areas where additional monitors could be deployed to 
improve the quality of the maps. For example, additional monitors could be placed in 
areas with the highest standard error to assess the accuracy of the mapping process 
and to reduce overall standard error. 
Despite the relatively small number of monitoring points informing the variograms in 
this study, the resulting maps do represent logical dispersion of dust at and around 
Wingmoor Farm. They demonstrate that, in general, the areas showing the highest 
proportion of APC are those near to the hazardous waste cells. For example, DS1 and 
DS4, both the closest dust monitors positioned down-wind of cell 4D recorded highest 
average APC proportion during the first 10 monitoring periods when waste was 
disposed of to this cell. When waste was disposed of to cell 5A between monitoring 
periods 11 – 26 the highest proportion of APC was recorded at monitoring point 12, 
the closest monitor positioned downwind of the cell. This was expected, so the 
confirmation provided by the maps indicates that they are able to provide a useful tool 
as a clear visual representation of APC dispersion. Future studies on other sites using 
the method presented in this thesis could reduce the standard error between 
monitoring points by increasing the number of monitoring points used and reducing 
the distance between each sampler.  
In essence, this dust dispersion modelling method is an advancement of the AEA 
Protodust source-receptor-pathway model for understanding the movement of dust 
(As shown in the AEA MIRO report, 2011)). In this study at Wingmoor Farm, the 
sources are predominantly the waste cells, the pathway is by air and the receptors 
are, for example, nearby properties. The maps presented in this study provide a 
193 
 
means of measuring and visualising this source-pathway-receptor relationship omni-
directionally, whereas transects along pre-defined monitoring arrays are relatively 
restricted by the location of each monitor. These maps allow assessment of dust levels 
between monitoring points along an array and the associated error. Additionally, they 
enable the evaluation of the presence of a particular dust type (in this instance, APC) 
at locations where monitors were not deployed or were unable to be deployed. 
Considering that monitoring at many locations may be prohibitive due to technically 
challenging terrain, safety reasons and prohibitive costs, the use of mapped data in 
which areas between monitoring points can be attributed data is an invaluable tool in 
the dust monitoring and assessment inventory. For example, dust monitoring devices 
were not deployed at Haydn, a property 100 m east of the entrance to Wingmoor Farm, 
but by interpreting APC levels at Haydn using the maps it was determined that the 
dust comprised 10 % APC over the study period at this location. Combined with 
meteorological data and records of on-site movements over the monitoring periods, a 
detailed picture of dust dispersion and influencing factors can be created, enabling 
decisions to be taken on dust management strategies that are tailored to the specific 
site’s characteristics and for varying weather conditions. 
As an example of how the maps and supplementary data can be used together to 
provide an understanding of dust movement (following the source-pathway-receptor 
model), the conclusions about APC dispersion at Wingmoor Farm are discussed 
below.  
The dust dispersion plots generated by this study show that dust in general left the site 
to the north, north-west and north-east. A transect between DS1 on-site and adjacent 
to the hazardous waste cell, through DS14, DS 16 and DS17 (all off-site monitors) 
shows a general downward trend in APC proportion from the APC disposal cell 
heading north-off site. APC was very rarely recorded at monitors positioned to the 
south of the site, which was expected considering that the primary direction of wind 
propagation in this area is predominantly from the south-west. The lack of any 
significant correlation between wind speeds and APC dispersion is interesting and 
suggests that more than one primary factor is responsible for the conditions necessary 
to facilitate dispersion. As noted by Webb and Strong (2011), the multiple physical 
parameters that affect soil erodibility, including organic matter content, mineralogy, 
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water content, particle size and surface roughness, make understanding dust 
dispersion a complex task, as dust generated by one mechanism during one 
monitoring period may not necessarily be responsible for generation during another 
period. Consideration should also be given to the effect of surface features such as 
hedges and trees, and to nearby roads, which are known to produce canyoning effects 
whereby dust is funnelled along a channel (e.g. Nikolova et al., 2011). This is likely to 
be the method by which APC dust has reached DS10.  
The presence of a correlation between vehicle movements and dust generation 
between monitoring periods 11 and 26 when waste was being disposed of at cell 5A 
(distance from the mixing plant) supports other studies, most notably that of Sinha and 
Banerjee (1997) who note that dust from haul roads are often the most significant on-
site dust sources. This would therefore, suggest that a significant amount of dust 
collected at each monitoring location during this study was from on-site haul roads. 
This may also explain why dust levels do not correlate with rainfall.  
As described by Clausnitzer and Singer (2002), an increase in soil moisture content 
results in an increase in the cohesion between adsorbed water films surrounding the 
particles and an increase in the weight of each particle due to these adsorbed water 
films. This cohesion may explain why in other studies (e.g. Engelstaedter et al., 2002; 
Faschingleitner and Höflinger, 2011), a direct correlation between an increase in 
rainfall and drop in dust levels has been determined. However, on haul roads, dump 
trucks are not only continuously turning over drier material from below the surface 
thereby essentially negating the binding effect of rainfall, they also break apart the 
caked and crusted dried soils, thereby making particles otherwise ‘locked-in’ available 
for dispersal. This dispersal is further assisted by the suspension of such particles in 
the air through impaction by vehicle wheels and by trailing air currents around the 
vehicles, which increase in strength with vehicle speed. Future work could involve 
developing an appropriate soil moisture content threshold for unmade haul roads, 
beyond which moisture level dust would be unable to arise in significant amounts and 
therefore, reduce a site’s impact on nearby receptors. Additionally, shortening the 
length of each sampling interval will reduce the time in which variable meteorological 
and site conditions can change. This may help identify correlations in the data unseen 
at lower resolutions. The correlation between dust levels and temperature found in this 
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study and determined in other studies (e.g. Strong et al., 2011) also lend support to 
this theory, as higher temperatures cause evaporation, drying dust out and making it 
more easily dispersed. In this study, ambient temperature was thought unlikely to 
affect the APC source significantly considering the continuous introduction of high 
turnover rate of wet APC within the cell.  
As well as the contribution from vehicle movements, the lack of a ‘dampening’ effect 
of rainfall on dust dispersion in this study may be due to the fact that APC undergoes 
an exothermic reaction when in contact with water and dust particles may become 
entrained within the steam from this reaction. Dust already entrained in the air requires 
less energy for dispersal than those particles still on the ground and therefore, 
dispersion can take place in both light and strong winds. This may also partly explain 
the lack of correlation between wind speeds and dust levels. The high turnover rate of 
APC into the cell effectively results in an almost continuous release of APC through 
this exothermic reaction, with vehicle movements adding to the dispersion of dust that 
may otherwise have been impacted by meteorological conditions. 
The techniques developed and tested during this study provide a method for 
identifying dust sources and mapping how dust has dispersed, despite the variability 
in meteorological conditions and site activity. This sampling, analysis and spatial 
modelling technique provides ‘ground-truth’ data that are often unavailable in 
theoretical modelling systems. The data derived from this study and future studies may 
in turn help construct more robust modelling parameters for these theoretical models. 
Although these maps display retrospective information, over time they can be used to 
build up an assessment of dust dispersion at a facility, as has been done at Wingmoor 
Farm. Furthermore, these maps demonstrate that APC does leave Wingmoor Farm 
predominantly to the north and at substantially lower proportions than previously 
assumed by other studies (i.e. Macleod, et al., 2006). Additionally, APC levels at 
properties near to Bishop’s Cleeve are unlikely to be affected by APC disposal on site, 
whilst those isolated properties to the north-west (Court Farm) and north east (Haydn) 
are likely to come in to contact with a limited proportion of APC, well within the safe 
exposure thresholds that have been previously defined by the Health Protection 
Agency (2010). Unsurprisingly, the risk of nuisance from dust in general increased as 
the operational areas of Wingmoor Farm moved closer to the receptors. This is 
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particularly evident at Pussy Willows where nuisance dust levels increased 
significantly from generally Very Low when waste was being disposed of in to cell 4D 
to generally High when waste was disposed of into cell 5A. 
The capability to collect, analyse and visualise information about dust dispersion in the 
manner described in this thesis has the potential to become a powerful tool for both 
informing theoretical models using ground-truth data and for understanding a site’s 
ongoing dust impact on the surrounding area. In doing so, relationships between sites 
and both regulators and communities may improve, benefitting the area as a whole. 
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10 Conclusion  
This study has investigated dust dispersion from a hazardous waste landfill site in 
Bishop’s Cleeve, Gloucestershire, using passive directional sticky pad samplers, over 
a calendar year of monitoring. A new method for assessing the extent and magnitude 
of the source material’s dispersion and its visualisation was developed. Passive 
directional dust monitors were positioned at strategic locations in an array around 
Wingmoor Farm to collect samples on the cross-polymer linked adhesive substrate. 
The directional dust samples collected at Wingmoor Farm were initially analysed for 
AAC and EAC to determine both directionality and risk of nuisance. Sub-samples from 
the direction of Wingmoor Farm were analysed by ICP-MS and data were blank 
corrected against a reference area from each respective sticky pad. Binary mixing 
modelling using Mn/Pb and Ca/Fe ratios provided a means of assessing the proportion 
of APC and background soils in each sticky pad sample. APC proportions from each 
monitor throughout each monitoring period were input into ISATISTM where semi-
variograms and kriging were applied in order to determine, and adjust against, the 
spatial dependence of the data. From these maps APC dust dispersion at and around 
Wingmoor Farm landfill site for each monitoring period was assessed. 
The following summarises the key outcomes and findings from this current study: 
 The combination of environmental sampling, empirical modelling and 
geostatistical mapping has been demonstrated to be a reliable method for 
assessing APC dust dispersion around a hazardous waste landfill site.  
 From a review of the literature, directional sticky pads have been determined 
as the most suitable dust monitoring instruments available for use in dust 
source apportionment studies. Their suitability has been further enhanced by 
subsequent research and development of the sampling medium as shown in 
Datson et al., 2012. 
 Kriging and variograms can be applied to the data for mapping purposes, 
however due to the low sample numbers the standard error between most 
monitors will be >15 %. More monitors or smaller sampling areas would be 
required to reduce the standard error derived from the maps. The spatial 
dependence of sampling points during this current study ended after 400 m. 
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 The composition of APC varied from that found in previous studies and as such 
different element ratios were used. New ratios may therefore, be required for 
each subsequent study. 
 APC was emitted from Wingmoor Farm during most monitoring periods and 
predominantly to the north, north-west and north-east. This broadly reflected 
the prevailing wind conditions during each monitoring period. However, APC 
represented approximately 30 % of all dust found off-site as opposed to 100 % 
of the dust (Macleod et al., 2006). The risk of potential health impacts 
associated with APC dispersion was determined by the HPA (2010) to be 
negligible should all of the dust leaving Wingmoor Farm be APC.  
 Dust dispersion was correlated with ambient temperature and vehicle 
movements along the haul routes to the waste cells, particularly when waste 
was being disposed of to cell 5A, over 300 m from the mixing plant. This 
suggested that warm conditions provided the most suitable environment for 
dust generation, which is likely to have been exacerbated by vehicle 
movements. The lack of correlation between rainfall and dust levels is likely due 
to the continuous disposal of APC to the waste cell, effectively negating any 
dampening effect of rain. It may also explain partly why dust dispersion does 
not correlate with wind speeds. 
 Principal component analysis shows considerable promise as a means of 
assessing the main contributing dust sources in an area, which can then inform 
the development of mixing models.  
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11  A protocol for the investigation of fugitive dust dispersal from 
major industrial sites 
This chapter presents a protocol for the investigation of fugitive nuisance dust from 
industrial facilities using passive directional dust monitors, enhanced dust analysis and 
spatial analysis methods. As noted within this thesis, dust nuisance is a very real issue 
for both communities and neighbouring businesses (HPA, 2010; Macleod et al., 2006) 
and therefore, identifying the source of dust, its magnitude and dispersion is socially 
and commercially important. Regular nuisance dust release from industrial facilities is 
not uncommon however the means to assess such episodes and the extent to which 
dust disperses and impacts on nearby receptors has not been well defined, although 
progress has been made (e.g. Datson, 2010). 
11.1 Scope 
This protocol is intended to provide a series of recommendations and guidance, based 
on the findings of the present study, on how to monitor and spatially analyse the 
dispersion of nuisance dust from a given site. It is not intended to be a rigid ‘how to’ 
guide but rather a supporting document that can be used by both site operators and 
regulatory authorities alike. The information used in its preparation is largely based on 
the findings of the present study which itself can be followed as a ‘real-world’ example 
of a dust characterisation and analysis assessment on a large scale. Following the 
methods outlined herein, stakeholders should be able to identify dust sources, the 
characteristics of dust from those sources, the extent to which dust may be dispersed 
into the surrounding environment, and the likelihood that it will create a nuisance for 
local residents and/or businesses. 
In addition to being a useful tool for bespoke dust investigations around industrial 
facilities, the protocol could also be incorporated into contaminated land assessments 
and is set out in a way that facilitates its use in both. Where contaminated land 
assessments focus primarily on the measurement and assessment of emissions to 
soil and water and their dispersion into the surrounding area through those pathways, 
this protocol considers emissions to air, thus addressing the final of the three main 
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dispersion pathways (land, water and air). 
The protocol is designed for the analysis of nuisance dust using passive samplers, 
and is therefore, not suitable for assessing the distribution of other dust fractions 
including PM10 and PM2.5 (which require samplers with size-selective inlets), or 
asbestiforms (which require standardised samplers). Where there is a requirement for 
such analysis, for example when assessing a risk to public health, best practice set 
out by the Health and Safety Executive (2011) should be followed. 
This protocol divides the site investigation of dust dispersion and source 
apportionment into two sections: Phase 1 - Assessment: Site Appraisal, and Phase 2 
- Assessment: Sampling, analysis and dispersion mapping. Site operators should 
always carry out a Phase 1 Assessment, and should consider whether they will need 
to also carry out a more detailed Phase 2 Assessment. 
Site operators and regulatory authorities should first identify the scope of the 
monitoring programme in order to establish the type and quantity of data required, and 
the level of analysis necessary for its purposes. The level of detail required from any 
dust monitoring and analysis programme will be site specific, varying from simple 
baseline data gathering exercises to environmental forensic investigations. This 
protocol covers both simple and complex analyses, and addresses each level of detail 
accordingly. 
 
11.2 Phase 1 - Assessment: Site Appraisal 
The basis of a Phase 1 assessment is set out within the technical guidance for the 
National Planning Policy Framework (2012). Although the NPPF addresses 
specifically the assessment of emissions from minerals extraction sites, it emphasizes 
the importance of gathering background data. Therefore, similar data gathering 
exercises should be employed on other sites. 
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11.2.1 Identifying potential on-site dust generating activities 
As part of a Phase 1 Assessment historical site information should be gathered and 
potential dust generating activities identified. These data should include (inter alia) a 
complaints history, meteorological data, existing dust monitoring data (if available) and 
where possible a record of on-site vehicle movements. Major potential dust sources / 
emission points to consider on-site are set out here, although other sources may be 
present: 
 Haul roads (both unmade and to a lesser extent made) 
 Materials stockpiles 
 Stripped soils 
 Bunds 
 Container discharge points (i.e. silo discharge points) 
 Building air-vents 
Direct and indirect parameters may affect dust generation from each potential source; 
for example, the act of stripping soil may generate dust, as well as creating the 
potential for wind-blown dust to be re-suspended from the stockpiled soils and recently 
bare surfaces. Therefore,, the strategic placement of dust monitors (as detailed in 
Phase 2) is crucial in assessing any dust contribution to nearby receptors. 
 
11.2.2 Identifying potential off-site dust generating activities and potential 
receptors 
In addition to identifying on-site dust sources, a review of the surrounding area should 
be conducted to determine whether any other potential dust sources exist nearby. 
Following this, potential receptors should also be identified. As noted in Chapter 1, 
sensitivity to dust varies greatly among receptors. The IAQM’s (2012) indicative 
sensitivities index (which, for example, identifies farmland as low sensitivity and high 
tech industry as high sensitivity) should be used as a guide. The more sensitive a 
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receptor the more likely it is that complaints will arise from an increase in dust 
annoyance levels. 
Findings from this study are broadly in line with current guidance on the expectation 
of dust dispersion distances (NPPF, 2012) and therefore, an assessment of sources 
and receptors beyond 250 m from the site boundary is not deemed necessary, unless 
those monitors nearest the 250 m cut-off point frequently record a risk of annoyance 
of High or above. 
The area surveyed, and each potential dust source and receptor identified within that 
area (both on- and off-site) should be recorded on an appropriate plan. 
By conducting a Phase 1 assessment, sites will be able to assess their likely 
contribution to the local environment and identify other potential dust sources nearby. 
This level of assessment should be carried out at all industrial operations, if only to 
demonstrate that dust dispersion beyond the site boundary is not of concern. Where 
concern has been raised a Phase 2 assessment, set out in detail below, should be 
undertaken. 
 
11.3 Phase 2 - Assessment: Sampling, analysis and dispersion mapping 
A Phase 2 assessment should be used to determine three things: the source of the 
dust, the extent of dust dispersion from that source and the composition of the dust. 
Several guidance documents set out methods of passive directional dust monitoring 
around landfill sites (EA, 2014) and constructions sites (IAQM, 2012). Guidance for 
dust sample analysis is available (EA, 2014) as well as a method for the analysis of 
sticky pad samplers (Datson, 2010). However, neither of these latter sources provides 
a comprehensive step-wise method for the sampling, analysis and dispersion mapping 
of fugitive dust, hence the development of this protocol and the presentation of these 
steps, below. 
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11.3.1 Passive directional dust monitoring and computer analysis 
The primary role of passive directional dust monitoring in the UK is to assess the extent 
of dust dispersion beyond site boundaries. It can also be used to assess the efficacy 
of dust mitigation methods and to identify additional dust sources and the extent to 
which they contribute to fugitive dust in a given area. 
Although numerous methods exist for the measurement of dust, (EA, 2014; IAQM, 
2012), the instrument identified in this thesis as the most suitable for use in passive 
directional dust monitoring (and further analysis, as noted below) at industrial facilities 
is the DS100 passive directional dust monitor. Data are presented per 15° as % EAC 
and AAC, and a risk of nuisance is calculated from interpreting both % EAC and AAC 
within a risk of annoyance matrix (DustScan 2012; IAQM, 2012). % EAC and AAC can 
then be presented as dust roses and projected on to a site plan (as shown in Figure 
11.1) to provide maps that show dust dispersion over time.  
 
Figure 11.1 Dust detection plot showing directional % AAC as a rose plot from a 14 day sampling 
interval. 
 
204 
 
The purpose of directional dust monitoring is to identify the source of dust, its nuisance 
potential, the distance dispersed, and the variability in dust levels over time. Each 
monitoring programme therefore, needs to be constructed following a thorough review 
of each potential source and receptor, information on which should have already been 
gathered in Phase 1.  
Samplers should ideally be placed along an array, on a pathway (as shown in Figure 
11.2) between on-site dust sources and potential receptors.  
 
Figure 11.2: Dust source, pathway, receptor model (MIRO, 2011) 
 
Additionally, if a potential off-site dust source is identified as being up-wind of the site, 
a sampler should be placed on the up-wind boundary to determine its contribution. 
Monitoring locations will be subject to a variety of constraints, including land ownership 
/ access arrangements and other obstacles (e.g. uneven ground, security and any 
obstruction to clear air flow around the monitoring head (e.g. bushes, trees etc.). In 
these circumstances and as shown in Figure 11.3, samplers should be placed as close 
to the preferred location as possible. 
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Figure 11.3 Monitoring locations at Wingmoor Farm (red circles) in relation to suggested array 
(green lines) 
 
A minimum of two monitoring points should be used in any linear study; one on the 
boundary of the site and another at the potential receptor. If an additional potential 
source of dust is found along the array then it is prudent to place a monitor before and 
after this source, so that its contribution to the environment can be assessed. Finally, 
after installation, each monitoring point should be geo-located using a global 
positioning system and identified on a site plan. 
 
11.3.2 Sampling frequency and duration 
As noted in Chapter 7, dust levels at each monitor varied significantly between 
summer and winter months. Current statutory guidance requires a minimum of 3 
months of baseline sampling in order to take into account this seasonal variance 
(NPPF, 2012). However based on the findings of this current study, which was 
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undertaken over a year, the author strongly suggests that baseline monitoring should 
be carried out for at least 6 months in order to capture as many environmental 
variables as possible. A 6 month baseline study will provide more data ensuring that 
annual dust levels are not under- or over-estimated due to monitoring over a 
predominantly wet or dry time period, while keeping costs to a minimum. Previous 
work by the Geoffrey Walton Practice (2004) demonstrated that sampling intervals 
should be no longer than two weeks in duration in order to avoid saturation of the 
sampling medium. On sites where high dust levels are anticipated, weekly sampling 
intervals should be considered. Flexibility should be built into the monitoring 
programme so that if dust levels increase or decrease, sampling intervals can be 
adjusted accordingly. 
The result of a considered, staged approach to dust monitoring should be the 
identification of a source, its magnitude and the maximum distance to which its dust is 
dispersed. For many sites this information is more than adequate for addressing 
planning and permitting conditions. 
Where further characterisation of the nuisance dust source is required, more detailed 
analyses can be sought. It is generally considered suitable to select sub-samples from 
the direction of the potential source/s, i.e. the arc of interest. Typically, a 15° degree 
segment with the highest % EAC and AAC from within this arc of interest is excised. 
Where dust levels are low more than one segment from within the arc of interest can 
be selected to increase the mass of sample available for analysis. 
 
11.3.3 Chemical analysis and data interpretation 
Where there is a requirement to identify the elemental composition of dust at multiple 
locations within an array, for example when more than one dust source is thought to 
be contributing, chemical analysis can be undertaken. In this thesis a HF/HNO3 
digestion followed by ICP-MS analysis (accompanied by suitable reference materials) 
was used to obtain data from each 15° segment from each sample. However should 
analysis seek to identify elements that would be eliminated by this digestion method 
(such as Si), then other digestion methods such as those set out by Jarvis et al, (1997), 
Cook et al, (2006), and Guven and Akinci (2011), which include aqua regia and HCl 
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digestion methods, should be used. These would therefore allow for the analysis of Si 
and other elements lost during more concentrated acid digestions. 
Where possible, samples of each potential source should be taken so that field 
samples can be compared to them. However, this may not always be possible due to 
site accessibility issues. Although a lack of such reference materials may inhibit direct 
comparison, site information including the types of materials handled can be used in 
conjunction with elemental data as a robust method of source apportionment. For 
example if one site processes limestone and another is a metal recycling operation, 
then a sample containing high concentrations of Fe and Ni would suggest the dust has 
come from the metal recycling as opposed to the limestone operation. 
Before the development of any mixing model, some exploratory data analysis (using 
principal component analysis for example) should be undertaken in order to identify 
any apparent relationships between samples and reference materials. For example, 
through exploratory analysis two distinct dust types may be identified as the main 
contributors and therefore, prompt the development of a mixing model from those 
sources. However, in a complex environment more than two significant sources may 
be identified and therefore, a single binary mixing model would be inappropriate. In 
such circumstances, a Chemical Mass Balance (CMB) model may be suitable (Watson 
et al., 1991). 
Different elemental ratios to the ones presented in this study will almost certainly be 
more appropriate for other sites. Elements suitable for mixing ratios can be identified 
by normalising the elemental dataset of one end-member against another. Further 
explanation on the development of mixing models can be found in Rudge et al., 2013. 
From this, source proportions in each sample can be calculated. These data can then 
be uploaded into an appropriate spatial analysis package for visualisation.. 
  
11.3.4 Spatial analysis 
Data mapping can be presented in several formats. Firstly, as shown in Figure 11.1 
directional % AAC and / or % EAC can be presented in dust detection plots. These 
plots are useful for identifying the spatial and temporal distribution of dust in relation 
to potential sources and receptors. 
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Where there is an intention to map data generated from elemental analysis, several 
steps should be undertaken. Firstly, each monitoring point must have spatial 
information, presented either as a grid reference or as a latitude and longitude. 
Secondly, the data being mapped at one monitoring point must correspond with that 
being mapped at another point. For example if APC is the metric to be mapped at one 
monitoring point then it must also be the metric used at another. Data must also be 
mapped at the same scale, i.e. if a percentage of x at one monitoring point is to be 
mapped then it follows that the same percentage should also be used at the other 
monitoring points.  
These data should then be uploaded into an appropriate spatial analysis package such 
as ISATIS, although other less robust packages such as SurferTM are available. Once 
uploaded, the spatial data should be applied to a raster in order to define the mapped 
area. Afterwards, sample analysis data should be uploaded in order to geostatistically 
interrogate the data to determine spatial dependencies.  
Semi variograms should be produced for each dataset in order to determine the spatial 
dependencies across the mapped area and subsequently to inform the kriging 
process. A detailed explanation of the semi-variogram process in mapping dust 
dispersion can be found in this thesis and more generally in Webster and Oliver (2001) 
and Davies (1986). The generation of semi-variograms allows for an assessment of 
the spatial continuity of the dataset. The limit of that continuity can be identified as the 
point at which the range meets the sill, as shown in Figure 11.4 below. 
 
 
Figure 11.4: variogram structure 
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The use of both kriging and semi-variograms facilitates the determination of a standard 
error across the mapped area, which can also be presented alongside the data map 
as a quality control procedure. Typically, in scenarios where there are less than 30 
monitoring points, the standard error will be > 15 % and the larger the separation 
distance between each monitoring point, the larger the standard error. In order to 
reduce error between monitoring points, as many samplers as is affordable should be 
used, and each sampler should be placed no more than 80 m from the next. Finally, 
the mapped data derived from this geostatistical analysis process should be overlain 
on to the raster plan, thus generating a dust dispersion map. In both ISATIS and 
Grapher this process is done automatically. 
 
11.4 Summary 
This chapter has set out a protocol for the sampling, analysis and dispersion mapping 
of dust from industrial sources. An experienced practitioner will be able to use it to 
develop and apply bespoke investigations of differing complexities to nuisance dust 
investigations at a range of industrial sites. Practitioners should be able to determine 
the level of detail required for each investigation and the appropriate measures that 
need to be undertaken.   
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12 Subsequent developments  
In light of previous studies by Fowler et al. (2007) Datson et al. (2010) and this present 
study, steps were taken to improve the recovery of dust from sticky pads. To this end 
funding was sought through Finance South East to find an adhesive that could be 
decoupled from its substrate, thus facilitating a cleaner analysis of dust samples by 
removing significant elemental input from the acetate sealing sheet and PVC liner and 
removing the need to blank correct each sample against its own reference area. 
Following extensive testing, a hot-melt adhesive was determined to be the most 
suitable and the improvements in detection limits are presented in Fowler et al. (2013). 
This improvement to sample analysis also resulted in the development of a dust 
settlement gravimetric process which is now a marketable product contributing 
upwards of £15, 000 a year to DustScan Ltd. 
As noted in this current study, theoretical models do not take account of site specific 
information with regards to coarse particulate matter. This study has shown that there 
are tangible relationships between dust dispersion and meteorological conditions, 
despite the complex behaviour of a notable dust source. As a follow on from this study, 
a Knowledge Transfer Partnership (KTP10007457) has been initiated with the aim of 
developing a predictive dust modelling system that can be refined using empirical data 
(dust sample collection and meteorological conditions) gathered in the field. 
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Appendix A: Seasonal meteorological variations (West Midlands) 
Seasonal meteorological variations in the West Midlands 
 
Figure A.1 Spring average temperatures (1971 – 2000) 
 
Figure A.2 Summer average temperatures (1971 – 2000) 
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 Figure A.3 Autumn average temperatures (1971 – 2000) 
 
Figure A.4 Winter average temperatures (1971 – 2000) 
 
 
235 
 
 
Figure A.5 Spring average rainfall (1971 – 2000) 
 
Figure A.6. Summer average rainfall (1971 – 2000) 
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Figure A.7 Autumn average rainfall (1971 – 2000) 
 
 
Figure A.8 Winter average rainfall (1971 – 2000) 
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Appendix B: Shewhart charts 
Ca, Fe, Mn and Pb Shewhart Charts  
 
Figure B.1 Ca Shewhart chart (SCO-1) 
 
Figure B.2– Fe Shewhart chart (Montana) 
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Figure B.3 - Fe Shewart chart (SCO-1) 
 
Figure B.4 – Mn Shewhart chart (Montana) 
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Figure B.5 – Mn Shewhart chart (SCO-1) 
 
Figure B.6 – Pb Shewhart chart (Montana) 
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Figure B.7 – Pb Shewhart chart (SCO-1) 
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Appendix C: Abundance charts 
APC abundance charts 
 
Figure C.1– Allington APC abundance chart 
 
Figure C.2 - Greater Manchester Waste (GMW) APC element abundance chart 
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Figure C.3 – Slough APC element abundance chart 
 
Figure C.4 – Lockerbie APC element abundance chart 
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Appendix D: Dust detection plots 
Dust detection plots (monitoring periods 2 – 26) 
 
Figure D.1 – Dust detection plot: monitoring period 2 
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Figure D.2 – Dust detection plot: monitoring period 3 
 
Figure D.3 – Dust detection plot: monitoring period 4 
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Figure D.4 – Dust detection plot: monitoring period 5 
 
Figure D.5 – Dust detection plot: monitoring period 6 
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Figure D.6 – Dust detection plot: monitoring period 7 
 
Figure D.7 – Dust detection plot: monitoring period 8 
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Figure D.8 – Dust detection plot: monitoring period 9 
 
Figure D.9 – Dust detection plot: monitoring period 10 
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Figure D.10 – Dust detection plot: monitoring period 11 
 
Figure D.11 – Dust detection plot: monitoring period 12 
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Figure D.12 – Dust detection plot: monitoring period 13 
 
Figure D.13– Dust detection plot: monitoring period 14 
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Figure D.14 – Dust detection plot: monitoring period 15 
 
Figure D.15– Dust detection plot: monitoring period 16 
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Figure D.16 – Dust detection plot: monitoring period 17 
 
Figure D.17 – Dust detection plot: monitoring period 18 
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Figure D.18– Dust detection plot: monitoring period 19 
 
Figure D.19 – Dust detection plot: monitoring period 20 
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Figure D.20 – Dust detection plot: monitoring period 21 
 
Figure D.21 – Dust detection plot: monitoring period 22 
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Figure D.22 – Dust detection plot: monitoring period 23 
 
Figure D.23– Dust detection plot: monitoring period 24 
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Figure D.24 – Dust detection plot: monitoring period 25 
 
Figure D.25.– Dust detection plot: monitoring period 26 
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Appendix E: Binary mixing models 
 Binary mixing models (monitoring periods 2 – 26) 
 
Figure E.1– Binary mixing model: monitoring period 2 
 
Figure E.2– Binary mixing model: monitoring period 3 
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Figure E.3– Binary mixing model: monitoring period 4 
 
Figure E.4– Binary mixing model: monitoring period 5 
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Figure E.5– Binary mixing model: monitoring period 6 
 
Figure E.6– Binary mixing model: monitoring period 7 
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Figure E.7– Binary mixing model: monitoring period 8 
 
Figure E.8 – Binary mixing model: monitoring period 9 
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Figure E.9 – Binary mixing model: monitoring period 10 
 
Figure E.10 – Binary mixing model: monitoring period 11 
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Figure E.11 – Binary mixing model: monitoring period 12 
 
Figure E.12– Binary mixing model: monitoring period 13 
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Figure E.13 – Binary mixing model: monitoring period 14 
 
Figure E.14– Binary mixing model: monitoring period 15 
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Figure E.15– Binary mixing model: monitoring period 16 
 
Figure E.16 – Binary mixing model: monitoring period 17 
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Figure E.17 – Binary mixing model: monitoring period 18 
 
Figure E.18– Binary mixing model: monitoring period 19 
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Figure E.19– Binary mixing model: monitoring period 20 
 
Figure E.20– Binary mixing model: monitoring period 21 
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Figure E.21– Binary mixing model: monitoring period 22 
 
Figure E.22– Binary mixing model: monitoring period 23 
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Figure E.23– Binary mixing model: monitoring period 24 
 
Figure E.24– Binary mixing model: monitoring period 25 
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Figure E.25– Binary mixing model: monitoring period 26 
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Appendix F: Variograms per monitoring period 
 
F1: Monitoring period 1 variogram 
 
 
 
F2: Monitoring period 2 variogram 
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F3: Monitoring period 3 variogram 
 
 
F4: Monitoring period 5 variogram 
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F5: Monitoring period 6 variogram 
 
 
F6: Monitoring period 7 variogram 
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F7: Monitoring period 8 variogram 
 
 
F8: Monitoring period 9 variogram 
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F9: Monitoring period 10 variogram 
 
 
F10: Monitoring period 11 variogram 
 
 
 
274 
 
 
 
F11: Monitoring period 12 variogram 
 
 
 
F12: Monitoring period 13 variogram 
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F13: Monitoring period 14 variogram 
 
 
 
F14: Monitoring period 15 variogram 
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F15: Monitoring period 16 variogram 
 
 
 
F16: Monitoring period 17 variogram 
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F17: Monitoring period 18 variogram 
 
 
 
F18: Monitoring period 19 variogram 
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F19: Monitoring period 20 variogram 
 
 
 
F20: Monitoring period 21 variogram 
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F21: Monitoring period 22 variogram 
 
 
 
F22: Monitoring period 23 variogram 
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F23: Monitoring period 24 variogram 
 
 
 
F24: Monitoring period 25 variogram 
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F25: Monitoring period 26 variogram 
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Appendix G: Standard error maps 
ISATIS standard deviation maps (monitoring periods 1 – 26) 
 
           
Figure G.1 - MP 1 Standard deviation map       Figure G.2 - MP 2 Standard deviation map 
    
G.3 - MP 3 Standard deviation map    G.4 - MP 5 Standard deviation 
map 
    
    
G.5 - MP 6 Standard deviation map   G.6 - MP 7 Standard deviation map 
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     G.7 - MP 8 Standard deviation map           G.8 - MP 9 Standard deviation map 
               
    
G.9. - MP 10 Standard deviation map   G.10 - MP 11 Standard deviation map 
    
    
G.11 - MP 12 Standard deviation map   G.12 - MP 13 Standard deviation map 
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G.13 - MP 14 Standard deviation map  G.14 - MP 15 Standard deviation map    
               
    
G.15 - MP 16 Standard deviation map   G.16 - MP 17 Standard deviation map 
 
    
G.17 - MP 18 Standard deviation map   G.18 - MP 19 Standard deviation map 
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G.19 - MP 20 Standard deviation map  G.20 - MP 21 Standard deviation map 
 
    
G.21 - MP 22 Standard deviation map   G.22 - MP 23 Standard deviation map 
 
    
G.23 - MP 24 Standard deviation map   G.24 - MP 25 Standard deviation map 
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G.25 – MP 26 Standard deviation map 
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Appendix H – Sub-sampled arcs of interest 
Table H.1a – Monitoring period 1 to 13: Sub-sampled arcs 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
DS1 255-270 210-225 225-240 240-255 195-210 195-210 210-225 180-195 210-225 210-225 285-300 210-225 195-210 
DS2 150-165 120-135 090-105 105-120 090-105 150-165 150-165 135-150 150-165 150-165 150-165 150-165 150-165 
DS3 000-015 000-015 000-015 000-015 000-015 000-015 090-105 000-015 000-015 135-150 000-015 000-015 075-090 
DS4 270-285 300-315 210-225 345-360 180-195 165-180 210-225 180-195 210-225 195-210 180-195 195-210 180-195 
DS5 315-330 000-015 000-015 000-015 000-015 000-015 000-015 345-360 000-015 000-015 345-360 000-015 000-015 
DS6 345-360 345-360 345-360 345-360 345-360 345-360 345-360 345-360 345-360 345-360 345-360 345-360 345-360 
DS7 270-285 300-315 255-270 330-345 300-315 315-330 255-270 300-315 315-330 255-270 285-300 270-285 270-285 
DS8 315-330 315-330 315-330 315-330 270-285 300-315 270-285 270-285 270-285 270-285 330-345 285-300 300-315 
DS9 225-240 255-270 255-270 255-270 240-255 300-315 225-240 225-240 270-285 255-270 300-315 225-240 255-270 
DS10 285-300 285-300 285-300 285-300 270-285 240-255 285-300 285-300 285-300 285-300 285-300 285-300 270-285 
DS11 255-270 270-285 240-255 270-285 225-240 225-240 240-255 240-255 240-255 240-255 195-210 240-255 240-255 
DS12 210-225 165-180 195-210 195-210 180-195 195-210 210-225 180-195 195-210 165-180 165-180 195-210 195-210 
DS13 210-225 165-180 210-225 165-180 195-210 195-210 210-225 165-180 195-210 210-225 180-195 195-210 195-210 
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DS14 210-225 255-270 210-225 210-225 255-270 210-225 240-255 210-225 240-255 225-240 195-210 195-210 195-210 
DS15 225-240 255-270 240-255 225-240 270-285 225-240 225-240 255-270 240-255 225-240 225-240 225-240 225-240 
DS16 210-225 195-210 225-240 210-225 195-210 240-255 210-225 210-225 195-210 210-225 195-210 195-210 195-210 
DS17 195-210 210-225 195-210 210-225 210-225 195-210 210-225 195-210 210-225 210-225 195-210 195-210 195-210 
DS18 195-210 165-180 165-180 165-180 210-225 210-225 195-210 210-225 195-210 210-225 180-195 180-195 210-225 
DS19 210-225 240-255 240-255 240-255 240-255 210-225 210-225 210-225 240-255 225-240 210-225 210-225 210-225 
 
 
 
Table H.1b – Monitoring period 14 to 26: Sub-sampled arcs 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
DS1 195-210 180-195 210-225 180-195 210-225 210-225 180-195 195-210 210-225 195-210 180-195 195-210 195-210 
DS2 135-150 135-150 150-165 150-165 150-165 150-165 120-135 150-165 150-165 150-165 120-135 150-165 150-165 
DS3 105-120 060-075 000-015 060-075 135-150 135-150 120-135 135-150 135-150 135-150 045-060 135-150 000-015 
DS4 195-210 165-180 330-345 270-285 225-240 195-210 195-210 210-225 210-225 195-210 165-180 180-195 195-210 
DS5 000-015 000-015 000-015 000-015 345-360 000-015 315-330 345-360 345-360 000-015 000-015 345-360 000-015 
DS6 345-360 345-360 345-360 345-360 345-360 300-315 330-345 345-360 345-360 345-360 345-360 345-360 345-360 
DS7 255-270 270-285 330-345 255-270 255-270 285-300 255-270 255-270 255-270 255-270 270-285 270-285 255-270 
DS8 300-315 330-345 300-315 285-300 270-285 270-285 300-315 270-285 270-285 270-285 270-285 285-300 270-285 
DS9 225-240 240-255 240-255 300-315 240-255 225-240 225-240 225-240 225-240 225-240 300-315 255-270 225-240 
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DS10 285-300 285-300 285-300 255-270 240-255 285-300 285-300 285-300 285-300 285-300 270-285 270-285 285-300 
DS11 240-255 195-210 240-255 240-255 240-255 240-255 240-255 240-255 240-255 225-240 195-210 255-270 240-255 
DS12 210-225 150-165 225-240 240-255 255-270 240-255 165-180 195-210 165-180 240-255 150-165 240-255 195-210 
DS13 210-225 165-180 210-225 210-225 225-240 210-225 195-210 210-225 210-225 210-225 165-180 210-225 210-225 
DS14 195-210 195-210 195-210 270-285 195-210 270-285 270-285 255-270 255-270 195-210 195-210 270-285 195-210 
DS15 225-240 270-285 225-240 225-240 225-240 225-240 225-240 225-240 225-240 225-240 240-255 225-240 225-240 
DS16 195-210 195-210 195-210 195-210 240-255 195-210 195-210 210-225 225-240 195-210 195-210 195-210 195-210 
DS17 195-210 195-210 210-225 210-225 210-225 195-210 195-210 195-210 210-225 195-210 195-210 195-210 195-210 
DS18 195-210 165-180 195-210 195-210 195-210 180-195 195-210 195-210 210-225 195-210 225-240 195-210 195-210 
DS19 210-225 210-225 225-240 210-225 240-255 210-225 210-225 210-225 225-240 210-225 210-225 210-225 210-225 
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Appendix I: SCO-1 extraction data 
SCO-1 extraction data 
Table I.1. – SCO-1 Extraction data (n = 15) 
  Na Al K Ca V Mn Fe Co 
CRM 11400 64400 21100 12500 76 10100 33800 10 
Average 7286 72328 22084 18730 103 455 35037 11 
SDev 914 0 651 1474 5 66 559 0 
RSDev 13 0 3 8 5 15 2 5 
  Ni Cu As Sr Ag Cd Pb 
CRM 14.0 2950.0 626.0 330.0 35.0 22.0 5532.0 
Average 31.1 68.5 15.2 134.3 0.5 0.4 65.5 
SDev 8.4 20.8 3.6 18.9 0.5 0.3 27.6 
RSDev 27.1 30.4 23.9 14.1 111.4 64.5 42.0 
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Appendix J: End-member element composition 
End-member element composition 
Table J.1a – APC end members: element composition 
End member Na Al  K Ca V Mn  Fe Co  
Allington  38215 129800 36595 809850 148 2086 22710 84 
Kemsley  6586 92365 9738 1141500 31 652 11894 23 
GMW  56675 61085 64185 800950 42 1175 13635 39 
Slough  41560 16415 71620 971700 12 846 4503 14 
Lockerbie  32000 104050 54955 341650 148 6585 67990 92 
  Ni Cu  As Sr  Ag Cd  Pb 
Allington  218 7374 28 979 49 53 5713 
Kemsley  37 517 26 1722 6 6 544 
GMW  72 1363 52 877 43 371 5075 
Slough  25 1066 68 1326 1836 147 6084 
Lockerbie  188 2320 774 1257 10 44 11415 
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Table J.1b – Soil end members: element composition 
End member Na  Al  K  Ca  V  Mn  Fe  Co  
Sandy Topsoil 7382 172700 46055 105945 307 1055 87585 30 
Lias Clay 8278 211400 53670 150500 370 1113 84830 34 
  Ni  Cu  As  Sr  Ag  Cd  Pb  
Sandy Topsoil 94.5 55.6 17.5 394.0 0.7 0.5 53.8 
Lias Clay 106.6 58.2 9.5 566.8 0.4 0.2 39.7 
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Appendix K: Risk of nuisance per monitoring point 
Risk of potential nuisance matrix 
Table K.1a - Risk of potential nuisance matrix: monitoring periods 1 - 13 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
DS1 Low Very Low Very Low Very Low Very Low Very Low Very low Very Low Very Low High Very Low High Very low 
DS2 Very Low Very low Very Low Very Low Very Low Very low Very Low Very Low Very Low Very Low Very Low Low Very Low 
DS3 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low High 
DS4 Medium Very low Very low Very low Very low High Very low Very low Very low Low High High High 
DS5 Very Low Very Low Very low Very low Very low Very low Very low Very low Very low Very low Medium Very low Very low 
DS6 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS7 Low Very low Very low Very low Very low Very low Very low Very low Very low Low Very low High Very low 
DS8 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low High Very low 
DS9 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS10 High Very low Very low Very low Very low Very low Very low Very low Very low Very low Medium Low High 
DS11 Very low Very low Very low Very low Very low Very low Very low Very low Very low High Very low Very low Very low 
DS12 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Low Very low 
DS13 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS14 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS15 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS16 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS17 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS18 Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low Very Low 
DS19 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
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Table K.1b - Risk of nuisance matrix: monitoring periods 14 - 26 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
DS1 Low Very Low High Very Low High High High High Medium Medium Very low High High 
DS2 High Medium Very low Very low High High High Low Very low Very low Very low Very low Medium 
DS3 High High Very low High High Low High Very low Very low Very low Low Very low Very low 
DS4 High Very low Very low High High High High High High High Very low High High 
DS5 Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low Low Very low Very low 
DS6 Very low Medium Low Very low Very low Very low Very low Very low Very low Very low Very low Very low Very low 
DS7 Very low Very low Very Low High High High High High High Very low Very low High Medium 
DS8 Very low Very low Very low Very low Very low High Low Very low Very low Very low Very low Low Very low 
DS9 Very low Very low Low Very low High High Low Low Low Very low Very low Very low Low 
DS10 High Very low Low Medium Low Low Low Very Low Very Low Very low Medium Medium Low 
DS11 Very low Very low Very low High High High Very low High Medium Medium Very low Low High 
DS12 High Very low Very low Medium High Medium High Medium High High Very low Very low High 
DS13 Low Very low Very low Low Very low Medium Low Low High Low Very low Low High 
DS14 Very low Very low Very low Very low High Very low Very low Very low Very low Very low Very low Very low Very low 
DS15 Very low Very low Very low Very low Medium Very low Very low Very low Very low Very low Very low Very low Very low 
DS16 Very low Very low Very low Very low High Low Low Very low Low Very low Very low Low Medium 
DS17 Very low Very low Very low Medium Medium Low Very low Very low Very low Very low Very low Very low Medium 
DS18 Very Low Very Low Very low Very low Medium Very low Very low Very low Medium Very low Very low Low Medium 
DS19 Very low Very low Very low Very low High Low Very low Very low Very low Very low Very low Very low Low 
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Appendix L: element concentrations per sample per monitoring period 
Element concentrations per monitoring location (monitoring periods 2 – 26) 
Table L.1 - Monitoring period 2: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 4204.50 BDL BDL BDL BDL BDL BDL BDL 10.49 BDL BDL 4.74 
DS2 BDL BDL BDL 389.60 BDL 4.70 252.10 BDL 9.40 BDL BDL BDL BDL BDL BDL 
DS3 BDL BDL BDL 550.70 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS4 BDL BDL BDL 50760.9
0 
3.01 54.06 1256.60 2.23 27.34 44.53 1.18 86.74 2.61 1.64 63.46 
DS5 BDL BDL BDL 1778.20 BDL 8.79 571.40 BDL BDL BDL BDL BDL BDL BDL 359.77 
DS6 BDL BDL BDL 1250.80 1.23 12.65 1125.90 BDL 5.60 13.59 0.49 BDL BDL BDL 73.66 
DS7 BDL BDL BDL 1101.80 BDL 4.81 135.90 BDL BDL BDL BDL BDL BDL BDL 5.79 
DS8 BDL BDL BDL 700.00 BDL 2.90 149.50 BDL BDL BDL BDL BDL BDL BDL 4.09 
DS9 BDL BDL BDL 568.00 BDL 2.37 112.60 BDL BDL BDL BDL BDL BDL BDL 2.02 
DS10 BDL BDL BDL 2667.80 1.48 12.23 649.10 BDL BDL BDL BDL 7.80 BDL BDL 6.39 
DS11 BDL BDL BDL 413.50 BDL 2.94 131.70 BDL BDL BDL 0.39 BDL BDL BDL 1.73 
DS12 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.79 
DS13 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL 2.14 BDL BDL BDL BDL BDL 2.13 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 338.80 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS17 BDL BDL BDL 326.80 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS18 BDL BDL BDL BDL BDL 3.21 151.30 BDL 6.89 BDL BDL BDL BDL BDL BDL 
DS19 BDL BDL BDL 275.20 BDL BDL BDL BDL 4.62 BDL BDL BDL BDL BDL 2.28 
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Table L.2. Monitoring period 3: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 2679.00 BDL BDL 12189.2
0 
BDL 22.92 480.60 BDL 4.48 12.36 0.31 BDL BDL BDL 19.79 
DS2 BDL BDL BDL 292.60 BDL 4.63 171.00 BDL BDL BDL BDL BDL BDL BDL 2.54 
DS3 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS4 BDL BDL BDL 1795.20 1.46 15.29 700.10 BDL BDL 7.71 BDL 10.90 BDL BDL 17.00 
DS5 BDL BDL BDL 750.90 BDL BDL 122.60 BDL 3.78 BDL BDL BDL BDL BDL BDL 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL 2.69 BDL BDL BDL BDL BDL BDL 
DS7 5322.00 BDL BDL 1852.70 2.05 14.62 922.90 BDL 5.67 BDL BDL 18.54 BDL BDL 5.08 
DS8 BDL BDL BDL 676.80 0.84 7.20 436.10 BDL 12.91 BDL BDL BDL BDL BDL 1.64 
DS9 2392.00 BDL BDL 648.00 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 6.60 
DS10 BDL BDL BDL 947.00 BDL 5.12 193.20 BDL 2.33 BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL BDL 4135.40 2.52 24.88 1139.10 BDL 7.39 6.58 0.59 16.13 BDL BDL 16.54 
DS12 BDL BDL BDL 1549.10 0.96 8.69 408.80 BDL 1.63 BDL BDL 10.66 BDL BDL 12.13 
DS13 BDL BDL BDL 906.30 BDL 7.43 325.20 BDL 16.71 BDL BDL BDL BDL BDL 7.85 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.94 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 1426.50 BDL 6.23 191.80 BDL 1.47 5.53 BDL 8.29 BDL BDL 5.85 
DS17 BDL BDL BDL 417.40 BDL 3.36 112.80 BDL BDL BDL BDL BDL BDL BDL 4.88 
DS18 BDL BDL BDL 282.60 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.19 
DS19 3033.00 BDL BDL BDL BDL 2.45 85.00 BDL 6.23 BDL BDL BDL BDL BDL BDL 
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Table L.3 - Monitoring period 4: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL BDL BDL 3.95 91.50 BDL 2.33 BDL BDL BDL BDL BDL 2.86 
DS2 BDL BDL BDL 288.70 BDL 3.97 171.50 BDL BDL BDL BDL BDL BDL BDL 4.46 
DS3 BDL BDL BDL BDL BDL 2.60 323.00 BDL BDL BDL BDL BDL BDL BDL 2.76 
DS4 BDL BDL BDL 2339.80 BDL 3.27 BDL BDL 2.75 3.99 BDL BDL BDL BDL 4.02 
DS5 BDL BDL BDL BDL BDL BDL BDL BDL 2.04 BDL BDL BDL BDL BDL 3.46 
DS6 BDL BDL BDL 626.80 BDL 2.71 69.00 BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL BDL BDL 11.38 271.10 BDL 42.50 3.76 BDL BDL BDL BDL 1.83 
DS8 BDL BDL BDL BDL BDL 5.58 265.20 BDL 17.02 BDL BDL BDL BDL BDL BDL 
DS9 BDL BDL BDL 245.70 BDL 14.79 358.20 BDL 60.19 4.04 BDL BDL BDL BDL 1.94 
DS10 BDL BDL BDL 2695.80 1.06 9.80 340.10 BDL BDL BDL 0.31 BDL BDL BDL 3.69 
DS11 BDL BDL BDL 245.60 BDL 8.38 253.70 BDL 39.37 BDL BDL BDL BDL BDL BDL 
DS12 BDL BDL BDL 393.00 BDL BDL 99.20 BDL BDL BDL BDL 8.01 BDL BDL 2.64 
DS13 BDL BDL BDL BDL BDL BDL BDL BDL 2.74 BDL BDL BDL BDL BDL 1.70 
DS14 BDL BDL BDL 405.30 BDL BDL BDL BDL BDL BDL BDL 19.73 BDL BDL 1.51 
DS15 BDL BDL BDL BDL BDL BDL 84.00 BDL 7.84 BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS17 BDL BDL BDL 472.90 BDL BDL BDL BDL 1.78 BDL BDL BDL BDL BDL 50.92 
DS18 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS19 BDL BDL BDL BDL BDL BDL BDL BDL 4.45 BDL BDL BDL BDL BDL 1.90 
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Table L.4. - Monitoring period 5: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 4631.80 1.26 40.70 682.30 BDL 3.56 8.84 2.75 20.86 BDL BDL 86.32 
DS2 BDL BDL BDL BDL BDL 3.82 279.10 BDL 3.11 BDL BDL BDL BDL BDL 3.44 
DS3 BDL BDL BDL 607.70 BDL BDL BDL BDL 4.96 BDL 0.32 8.45 BDL BDL 5.95 
DS4 BDL BDL 646.30 3193.40 1.62 49.72 822.00 BDL BDL 11.14 2.12 BDL BDL 0.72 99.98 
DS5 BDL BDL BDL BDL BDL 2.87 145.67 BDL 9.66 BDL BDL BDL BDL BDL BDL 
DS6 BDL BDL BDL BDL BDL 3.62 166.50 BDL 11.67 BDL BDL BDL BDL BDL 5.79 
DS7 BDL BDL 802.60 1430.80 3.36 23.94 1825.40 BDL 3.32 BDL 0.65 21.01 BDL BDL 5.72 
DS8 BDL BDL BDL 387.20 BDL 4.85 228.00 BDL 6.06 BDL BDL BDL BDL BDL BDL 
DS9 2088.00 BDL BDL 362.30 BDL BDL BDL BDL 2.24 BDL BDL 23.45 BDL BDL BDL 
DS10 BDL BDL BDL BDL BDL BDL 92.90 BDL BDL BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL 529.00 2948.40 1.67 51.87 782.40 BDL BDL 6.93 1.86 BDL BDL BDL 67.03 
DS12 BDL BDL BDL 1124.00 0.89 10.03 190.20 BDL 13.48 BDL BDL 26.08 BDL BDL 6.96 
DS13 1990.00 BDL BDL 612.40 BDL 4.16 126.90 BDL BDL BDL BDL 21.50 BDL BDL 7.22 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.72 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 589.20 BDL BDL BDL BDL BDL BDL BDL 16.27 BDL BDL 7.63 
DS17 1959.00 BDL BDL 528.20 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 5.35 
DS18 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS19 2005.00 BDL BDL BDL BDL 2.58 106.40 BDL 3.53 BDL BDL BDL BDL BDL BDL 
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Table L.5. - Monitoring period 6: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 7314.40 1.31 50.28 831.80 BDL 11.02 20.08 1.40 13.25 BDL 0.86 91.79 
DS2 BDL BDL BDL 724.80 0.96 7.86 529.30 BDL 3.79 BDL BDL 11.72 BDL BDL 20.33 
DS3 BDL BDL BDL 571.60 BDL 4.75 261.20 BDL BDL BDL 0.34 BDL BDL BDL 59.86 
DS4 BDL BDL 1825.30 30779.2
0 
5.39 221.99 2849.40 2.64 4.59 70.85 9.50 54.99 5.00 5.54 490.50 
DS5 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 4.62 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 740.80 1.58 9.32 728.20 BDL BDL BDL BDL 10.91 BDL BDL 2.88 
DS8 BDL BDL BDL 302.10 BDL 4.20 230.70 BDL 4.77 BDL BDL BDL BDL BDL BDL 
DS9 BDL BDL BDL 371.40 BDL 5.59 394.40 BDL BDL BDL BDL 10.03 BDL BDL 7.27 
DS10 BDL BDL BDL 650.50 BDL 5.27 240.30 BDL BDL BDL BDL BDL BDL BDL 2.18 
DS11 BDL BDL 636.20 5308.10 3.09 51.53 1559.40 BDL BDL 12.37 1.62 9.14 2.39 BDL 65.10 
DS12 BDL BDL BDL 3790.80 1.78 29.13 1172.30 BDL 26.65 9.12 0.58 BDL BDL BDL 24.29 
DS13 BDL BDL BDL 2265.90 0.81 15.65 419.70 BDL 1.70 4.46 0.51 BDL BDL BDL 26.14 
DS14 BDL BDL BDL 510.30 BDL 6.61 148.30 BDL BDL BDL BDL BDL BDL BDL 11.55 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 547.00 1.87 17.13 778.10 BDL 11.87 BDL 0.53 BDL BDL BDL 9.97 
DS17 BDL BDL BDL 812.30 BDL 10.98 342.00 BDL BDL 3.97 BDL 12.26 BDL BDL 17.18 
DS18 BDL BDL BDL 1216.70 BDL 6.51 273.40 BDL BDL BDL BDL BDL BDL BDL 6.50 
DS19 BDL BDL BDL BDL BDL 12.77 184.50 BDL BDL BDL BDL BDL BDL BDL 4.13 
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Table L.6. - Monitoring period 7: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 7333.50 1.41 19.19 409.20 BDL BDL 11.86 1.27 BDL 2.68 0.76 43.69 
DS2 BDL BDL BDL 561.00 BDL 6.42 437.00 BDL BDL BDL BDL BDL BDL BDL 5.26 
DS3 BDL BDL 435.60 1519.30 1.85 14.03 1181.30 BDL 1.95 BDL 0.35 BDL BDL BDL 2.57 
DS4 BDL BDL BDL 721.90 BDL 4.16 143.70 BDL BDL BDL BDL BDL BDL BDL 4.75 
DS5 BDL BDL BDL BDL BDL BDL 106.60 BDL BDL BDL BDL BDL BDL BDL BDL 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 972.50 1.38 9.22 521.95 BDL 11.98 BDL BDL 8.71 BDL BDL 8.02 
DS8 BDL BDL 624.90 1286.60 2.88 16.28 1397.50 BDL 6.96 BDL 0.48 9.52 BDL BDL 3.60 
DS9 BDL BDL BDL 667.70 1.25 7.22 588.40 BDL 2.15 BDL BDL BDL BDL BDL 2.22 
DS10 BDL BDL BDL 1729.30 1.23 9.10 416.50 BDL 2.30 11.30 BDL BDL BDL BDL 1.71 
DS11 BDL BDL 572.90 5973.40 2.67 26.96 1038.20 BDL 2.22 10.86 0.76 14.76 1.70 0.54 52.34 
DS12 BDL BDL BDL 1211.20 1.27 8.59 467.56 BDL 2.56 BDL BDL BDL BDL BDL 4.24 
DS13 BDL BDL 420.60 1015.40 1.53 9.92 537.70 BDL BDL 7.62 BDL BDL BDL BDL 7.07 
DS14 BDL BDL BDL 923.60 BDL 2.92 107.40 BDL BDL BDL BDL BDL BDL BDL 2.41 
DS15 BDL BDL BDL 571.20 BDL BDL 137.04 BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 1941.30 0.95 9.15 250.40 BDL BDL BDL BDL BDL BDL BDL 19.42 
DS17 BDL BDL BDL 1873.50 1.20 10.68 367.30 BDL BDL 4.69 BDL BDL BDL BDL 18.73 
DS18 BDL BDL BDL 261.10 BDL 2.60 94.10 BDL BDL BDL BDL BDL BDL BDL 1.53 
DS19 BDL BDL BDL 484.00 0.91 3.89 175.50 BDL BDL BDL BDL BDL BDL BDL 2.60 
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Table L.7 - Monitoring period 8: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 339.70 BDL 2.60 BDL BDL BDL BDL BDL BDL BDL BDL 6.28 
DS2 BDL BDL BDL 1674.27 1.70 12.53 851.63 BDL 4.07 BDL 0.33 8.16 BDL BDL 3.65 
DS3 BDL BDL BDL 517.50 BDL 3.44 277.60 BDL 1.46 BDL BDL 14.51 BDL BDL 6.62 
DS4 BDL BDL BDL 3988.80 BDL 19.64 351.30 BDL BDL 12.24 1.29 24.99 2.29 2.08 60.30 
DS5 BDL BDL BDL 391.60 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.67 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 477.10 BDL 4.12 229.70 BDL BDL BDL BDL BDL BDL BDL 4.00 
DS8 BDL BDL BDL 320.80 BDL BDL 132.70 BDL BDL BDL BDL BDL BDL BDL BDL 
DS9 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS10 BDL BDL BDL 2267.80 1.01 15.34 484.30 BDL 4.48 BDL BDL 17.87 BDL BDL 2.22 
DS11 BDL BDL BDL 1045.30 BDL 7.76 355.97 BDL BDL BDL BDL BDL BDL BDL 4.14 
DS12 BDL BDL BDL 936.50 BDL 5.10 271.50 BDL BDL BDL BDL 15.43 BDL BDL 4.45 
DS13 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.86 
DS14 BDL BDL BDL 272.56 BDL 8.42 219.25 BDL 7.03 3.69 BDL 15.43 BDL BDL 1.55 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.01 
DS17 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 9.43 BDL BDL BDL 
DS18 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS19 BDL BDL BDL BDL BDL BDL BDL BDL 1.98 BDL BDL BDL BDL BDL BDL 
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Table L.8 - Monitoring period 9: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL 977.00 22724.4
0 
4.05 79.83 1957.80 3.17 BDL 156.79 2.39 56.36 BDL 2.01 118.92 
DS2 BDL BDL BDL 595.00 BDL 5.75 336.00 BDL 1.63 BDL BDL BDL BDL BDL 8.58 
DS3 BDL BDL BDL 386.70 BDL BDL 85.10 BDL BDL BDL BDL BDL BDL BDL 11.25 
DS4 BDL BDL 690.00 6387.80 3.25 56.33 1665.10 BDL 5.89 103.08 0.64 17.47 BDL 0.67 47.25 
DS5 BDL BDL BDL BDL BDL 2.59 162.30 BDL 4.16 BDL BDL BDL BDL BDL 3.22 
DS6 BDL BDL BDL BDL BDL BDL 363.40 BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 873.70 BDL 4.62 307.60 BDL BDL BDL BDL BDL BDL BDL 1.83 
DS8 BDL BDL BDL 254.30 BDL BDL 141.20 BDL BDL BDL BDL 12.77 BDL BDL BDL 
DS9 BDL BDL BDL 2211.70 BDL 3.43 436.70 BDL BDL 10.81 BDL BDL BDL BDL 7.32 
DS10 BDL BDL BDL 1706.40 0.87 7.66 847.00 BDL 1.61 6.27 BDL 16.81 BDL BDL 4.40 
DS11 BDL BDL BDL 5631.00 2.45 32.38 1008.90 BDL 11.39 29.87 0.54 BDL BDL BDL 21.03 
DS12 BDL BDL BDL 2571.40 BDL 8.34 322.90 BDL BDL 5.32 BDL BDL BDL BDL 24.07 
DS13 BDL BDL BDL 2568.00 BDL 11.31 178.90 BDL 13.59 7.89 BDL BDL BDL BDL 13.09 
DS14 BDL BDL BDL 742.20 BDL 2.47 89.50 BDL BDL 8.15 BDL BDL BDL BDL 4.19 
DS15 BDL BDL BDL BDL BDL 5.41 280.50 BDL 23.43 BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 759.30 BDL 7.23 297.00 BDL 10.51 5.73 BDL 13.09 BDL BDL 7.17 
DS17 BDL BDL BDL 1215.50 BDL 2.66 BDL BDL BDL 5.75 BDL BDL BDL BDL 11.30 
DS18 BDL BDL BDL 1068.70 BDL 6.53 BDL BDL 4.45 7.00 BDL BDL BDL BDL 8.22 
DS19 BDL BDL BDL 534.70 BDL BDL 267.10 BDL BDL 5.83 BDL BDL BDL BDL 5.02 
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Table L.9 - Monitoring period 10: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL 1229.00 40194.9
0 
5.45 94.90 1157.60 3.55 11.36 252.19 1.48 57.87 1.76 3.55 208.12 
DS2 BDL BDL BDL 751.40 BDL 6.81 569.40 BDL BDL BDL BDL BDL BDL BDL 3.04 
DS3 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.54 
DS4 BDL BDL BDL 6467.26 1.68 22.13 689.52 BDL BDL 52.01 0.48 8.23 BDL 1.30 98.39 
DS5 BDL BDL BDL 1048.10 BDL 2.48 574.50 BDL BDL 4.72 BDL BDL BDL BDL 5.88 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL 737.00 6661.50 2.96 37.79 1630.00 BDL 8.02 22.90 0.79 16.31 BDL BDL 23.11 
DS8 BDL BDL 1156.00 1291.80 1.16 11.28 778.90 BDL 8.35 4.20 BDL BDL BDL BDL 12.30 
DS9 BDL BDL 425.30 1345.00 BDL 9.31 247.50 BDL 2.45 10.78 0.31 BDL BDL BDL 9.88 
DS10 BDL BDL 738.00 2536.90 2.10 18.03 1180.90 BDL 5.38 6.23 0.47 BDL BDL BDL 4.06 
DS11 BDL BDL BDL 4392.00 2.32 25.23 1244.20 BDL 13.97 28.22 0.40 9.16 BDL BDL 28.58 
DS12 BDL BDL BDL 1997.30 BDL 8.36 243.10 BDL BDL 19.03 BDL BDL BDL BDL 14.16 
DS13 BDL BDL 688.00 618.50 BDL 7.23 327.40 BDL 5.75 4.76 BDL BDL BDL BDL 12.83 
DS14 BDL BDL BDL 1345.60 BDL 6.21 236.60 BDL 3.08 12.45 BDL BDL BDL BDL 15.01 
DS15 BDL BDL 452.00 774.50 BDL 5.99 214.50 BDL 5.69 BDL BDL BDL BDL BDL 2.35 
DS16 BDL BDL BDL 2686.20 0.93 11.98 181.30 BDL 7.19 24.06 BDL BDL BDL BDL 26.44 
DS17 BDL BDL BDL 1474.10 BDL 11.40 874.10 BDL 9.68 16.39 BDL 8.45 BDL BDL 22.11 
DS18 BDL BDL BDL 508.60 BDL 5.70 290.90 BDL 5.28 4.49 BDL BDL BDL BDL 8.92 
DS19 BDL BDL BDL 419.80 BDL 3.00 101.60 BDL 1.72 BDL BDL BDL BDL BDL 3.27 
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Table L.10 - Monitoring period 11: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL 1060.00 1916.00 BDL 8.61 283.60 BDL 2.09 27.49 BDL BDL BDL BDL 18.17 
DS2 BDL BDL BDL 814.40 BDL 2.75 106.50 BDL BDL 4.25 BDL BDL BDL BDL 5.22 
DS3 BDL BDL BDL 418.30 BDL 4.95 552.30 BDL 5.54 BDL BDL BDL BDL BDL 114.79 
DS4 BDL BDL BDL 5519.30 BDL 10.33 128.90 BDL BDL 27.61 0.38 13.44 BDL 0.97 32.41 
DS5 BDL BDL BDL 1868.50 1.02 35.26 916.30 BDL 26.85 23.26 0.81 BDL BDL BDL 48.18 
DS6 BDL BDL BDL 560.00 BDL 12.93 449.30 BDL 26.88 6.79 BDL BDL BDL BDL 12.58 
DS7 BDL BDL BDL 1394.30 0.81 12.18 541.50 BDL 21.42 11.57 BDL BDL BDL BDL 11.41 
DS8 BDL BDL BDL 364.80 BDL 11.14 515.20 BDL 38.68 4.48 BDL BDL BDL BDL 3.09 
DS9 BDL BDL BDL 352.20 BDL 2.63 BDL BDL BDL 5.44 BDL BDL BDL BDL 10.34 
DS10 BDL BDL 2119.00 10372.4
0 
 
7.24 58.14 3162.40 BDL 11.82 11.00 1.17 26.60 BDL BDL 15.82 
DS11 BDL BDL BDL 986.10 BDL 5.49 242.60 BDL BDL BDL BDL BDL BDL BDL 4.37 
DS12 BDL BDL BDL 563.90 BDL BDL BDL BDL 2.56 4.06 BDL BDL BDL BDL 8.73 
DS13 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.43 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 8.05 BDL BDL BDL 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS17 BDL BDL BDL BDL BDL BDL BDL BDL 2.23 BDL BDL BDL BDL BDL 1.49 
DS18 BDL BDL BDL BDL BDL 2.69 160.10 BDL 7.74 BDL BDL BDL BDL BDL BDL 
DS19 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
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Table L.11 - monitoring period 12: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 2435.50 1.63 8.72 577.10 BDL BDL 6.01 0.36 BDL BDL BDL 13.60 
DS2 BDL BDL BDL 1038.00 1.00 8.27 577.60 BDL 1.51 BDL BDL BDL BDL BDL 5.41 
DS3 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS4 BDL BDL 608.10 7100.80 2.47 47.85 1177.30 BDL 3.64 39.28 1.12 9.57 BDL 1.07 71.56 
DS5 BDL BDL BDL 810.50 BDL 2.89 127.40 BDL BDL BDL BDL BDL BDL BDL 12.50 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL 3.96 BDL BDL BDL BDL BDL 2.90 
DS7 BDL BDL 951.60 5917.30 2.85 99.76 1686.70 BDL 4.30 40.00 4.98 13.84 BDL 0.61 198.51 
DS8 BDL BDL 2017.40 10512.8
0 
4.93 300.09 2699.30 2.54 11.51 87.76 13.33 37.46 BDL 1.42 502.02 
DS9 BDL BDL BDL 783.00 BDL 5.73 317.60 BDL 1.80 4.71 BDL BDL BDL BDL 6.49 
DS10 BDL BDL BDL 2206.80 1.14 8.93 482.10 BDL 1.61 BDL BDL BDL BDL BDL 5.68 
DS11 BDL BDL BDL 2662.40 1.37 16.27 1780.00 BDL 15.53 5.29 0.37 BDL BDL BDL 13.16 
DS12 BDL BDL BDL 2621.20 BDL 8.47 275.90 BDL BDL 8.65 0.38 BDL BDL BDL 14.85 
DS13 BDL BDL BDL 1068.00 BDL 4.98 217.00 BDL BDL BDL BDL BDL BDL BDL 7.16 
DS14 BDL BDL BDL 255.00 BDL BDL 88.30 BDL BDL BDL BDL BDL BDL BDL 1.81 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.87 
DS17 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.82 
DS18 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS19 BDL BDL BDL 356.00 BDL 3.02 188.90 BDL 1.57 BDL BDL BDL BDL BDL 2.79 
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Table L.12 - monitoring period 13: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 1629.10 1.05 16.44 431.40 BDL BDL 8.49 0.39 BDL BDL BDL 22.29 
DS2 BDL BDL BDL BDL BDL BDL 144.30 BDL BDL BDL BDL BDL BDL BDL 2.25 
DS3 BDL BDL BDL 6194.00 5.18 36.39 2112.20 BDL 5.35 7.45 0.83 15.68 BDL BDL 14.16 
DS4 BDL BDL 522.00 5809.00 3.17 104.31 1471.20 BDL BDL 44.80 2.32 16.34 BDL 0.85 184.24 
DS5 BDL BDL BDL 914.20 BDL 5.23 164.50 BDL BDL BDL BDL BDL BDL BDL 6.90 
DS6 BDL BDL BDL 249.00 BDL BDL 93.30 BDL BDL BDL BDL BDL BDL BDL 2.39 
DS7 BDL BDL BDL 1278.10 BDL 12.83 271.30 BDL BDL 4.32 0.48 BDL BDL BDL 24.56 
DS8 BDL BDL BDL 429.60 BDL 5.59 171.00 BDL 3.70 BDL BDL BDL BDL BDL 7.07 
DS9 BDL BDL BDL 517.70 BDL 3.31 BDL BDL BDL 4.22 BDL BDL BDL BDL 5.77 
DS10 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL BDL 1185.80 BDL 5.14 350.50 BDL BDL BDL BDL BDL BDL BDL 6.70 
DS12 BDL BDL BDL 2045.40 BDL 3.47 162.30 BDL BDL 5.92 BDL BDL BDL BDL 9.42 
DS13 BDL BDL BDL 515.60 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.54 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.71 
DS16 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.95 
DS17 BDL BDL BDL 419.30 BDL 4.02 218.40 BDL BDL BDL BDL BDL BDL BDL 4.16 
DS18 BDL BDL BDL 279.00 BDL 2.39 125.50 BDL BDL BDL BDL BDL BDL BDL 1.94 
DS19 BDL BDL BDL BDL BDL BDL 76.40 BDL BDL BDL BDL BDL BDL BDL BDL 
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Table L.13 - monitoring period 14: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 7112.00 1.89 19.62 1008.60 BDL BDL 11.40 0.62 17.91 BDL 0.84 21.65 
DS2 BDL BDL 1090.00 16509.6
0 
3.70 28.72 1383.40 BDL 22.45 13.03 0.62 21.65 BDL 0.75 14.23 
DS3 BDL 6686.00 1895.00 13187.3
0 
8.94 57.26 3238.00 BDL 14.03 9.19 1.11 32.83 BDL BDL 10.00 
DS4 BDL BDL 656.00 11556.9
0 
3.15 34.14 1190.40 BDL 3.66 20.94 0.91 33.79 BDL 1.83 48.53 
DS5 BDL BDL BDL 714.40 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 551.00 BDL 3.34 219.20 BDL BDL BDL BDL BDL BDL BDL 3.02 
DS8 BDL BDL 578.00 1106.90 BDL 3.90 290.60 BDL BDL BDL BDL BDL BDL BDL 3.05 
DS9 BDL BDL BDL 650.10 BDL 2.43 80.10 BDL BDL BDL BDL BDL BDL BDL 3.38 
DS10 BDL BDL BDL 820.80 BDL BDL 123.90 BDL BDL BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL BDL 2760.00 BDL 7.68 89.40 BDL 2.26 3.89 BDL BDL BDL BDL 5.19 
DS12 BDL BDL BDL 15971.0
0 
1.46 19.11 489.00 BDL BDL 15.92 1.05 30.24 BDL 1.06 25.39 
DS13 BDL BDL BDL 3978.60 BDL 7.73 151.80 BDL BDL 4.45 0.40 BDL BDL BDL 6.83 
DS14 BDL BDL BDL 580.80 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS15 BDL BDL 697.00 970.40 BDL 6.79 374.20 BDL 5.00 BDL BDL BDL BDL BDL 2.19 
DS16 BDL BDL 462.00 1456.80 BDL 5.49 199.80 BDL BDL BDL BDL BDL BDL BDL 3.71 
DS17 BDL BDL 575.00 821.10 2.37 13.07 952.80 BDL 5.86 BDL 0.44 BDL BDL BDL 3.90 
DS18 BDL BDL BDL 2371.10 BDL 5.82 298.30 BDL BDL 4.37 BDL 9.21 BDL BDL 3.94 
DS19 BDL BDL BDL 684.00 BDL 2.32 175.80 BDL BDL BDL BDL BDL BDL BDL BDL 
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Table L.14 - monitoring period 15: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS2 BDL BDL 1697.30 4779.30 3.88 21.36 1854.90 BDL 2.53 7.43 0.38 18.24 BDL BDL 4.51 
DS3 BDL 10206.4
0 
2864.00 10841.9
0 
10.89 63.25 4882.70 BDL 7.33 12.59 1.37 29.23 BDL 1.04 14.77 
DS4 BDL BDL 416.70 2980.40 1.42 10.80 695.30 BDL BDL BDL BDL BDL BDL BDL 1.95 
DS5 BDL BDL BDL 1119.80 1.12 7.88 606.69 BDL BDL BDL BDL 10.71 BDL BDL 2.30 
DS6 BDL BDL BDL 886.50 1.19 6.84 569.80 BDL 2.77 BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 463.00 BDL 2.77 396.40 BDL BDL BDL BDL 8.18 BDL BDL BDL 
DS8 BDL BDL BDL BDL BDL 2.99 275.10 BDL 4.09 BDL BDL BDL BDL BDL BDL 
DS9 BDL BDL BDL BDL BDL 2.32 247.60 BDL 5.00 BDL BDL BDL BDL BDL BDL 
DS10 BDL BDL 1143.00 1291.30 BDL 10.91 293.40 BDL BDL BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS12 BDL BDL BDL 612.70 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS13 BDL BDL 425.30 245.70 BDL 4.98 227.93 BDL 16.72 BDL BDL BDL BDL BDL BDL 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL BDL BDL BDL 477.20 BDL BDL BDL BDL BDL BDL BDL BDL 
DS17 BDL BDL BDL BDL BDL BDL 141.00 BDL BDL BDL BDL BDL BDL BDL BDL 
DS18 BDL BDL BDL 662.20 BDL BDL BDL BDL BDL BDL 0.50 BDL BDL BDL BDL 
DS19 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
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Table L.15 - monitoring period 16: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 263.80 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS2 BDL BDL 758.60 1153.00 1.26 2.83 171.80 BDL BDL BDL BDL 10.98 BDL BDL 1.52 
DS3 BDL BDL 487.00 572.60 0.89 BDL 274.10 BDL BDL BDL BDL BDL BDL BDL 5.32 
DS4 BDL BDL BDL 568.60 BDL 2.51 298.20 BDL BDL BDL BDL BDL BDL BDL BDL 
DS5 BDL BDL BDL 526.10 BDL 4.12 306.80 BDL BDL BDL BDL BDL BDL BDL 3.28 
DS6 BDL 7837.20 740.00 269.70 BDL 3.23 220.50 BDL 2.13 BDL 0.34 BDL BDL BDL BDL 
DS7 BDL BDL BDL 320.00 BDL 3.13 319.60 BDL BDL BDL BDL BDL BDL BDL 1.94 
DS8 BDL BDL 612.00 556.00 0.93 5.42 1035.90 BDL BDL BDL BDL BDL BDL BDL 3.49 
DS9 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS10 BDL BDL 687.00 3511.90 1.95 18.85 1101.10 BDL 26.09 BDL 0.35 BDL BDL BDL 5.39 
DS11 BDL BDL BDL 1016.30 BDL BDL 109.40 BDL BDL BDL BDL BDL BDL BDL 1.46 
DS12 BDL BDL 696.00 2628.00 BDL 2.27 118.40 BDL BDL BDL BDL BDL BDL BDL 4.38 
DS13 BDL BDL BDL 588.50 BDL BDL BDL BDL 3.01 BDL BDL BDL BDL BDL BDL 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS15 BDL BDL BDL 383.00 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 271.00 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS17 BDL BDL 910.00 1241.40 2.93 18.05 1408.90 BDL 1.72 BDL 0.48 BDL BDL BDL 3.96 
DS18 BDL BDL BDL 313.40 BDL BDL BDL 5.03 BDL BDL BDL BDL BDL BDL BDL 
DS19 BDL BDL 420.00 BDL BDL BDL BDL BDL 2.64 BDL BDL BDL BDL BDL BDL 
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Table L.16 - monitoring period 17: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 1855.50 1.24 8.20 880.40 BDL BDL BDL BDL BDL BDL BDL 3.08 
DS2 BDL BDL BDL 742.50 BDL 4.97 286.00 BDL BDL BDL BDL BDL BDL BDL 5.61 
DS3 BDL BDL BDL 428.40 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS4 BDL 8283.10 2472.40 6870.50 8.89 42.87 3334.10 BDL BDL 5.53 0.44 36.61 BDL BDL 5.32 
DS5 BDL BDL 587.60 1971.50 1.37 8.98 580.60 BDL 1.73 BDL BDL BDL BDL 0.52 2.49 
DS6 BDL BDL 1249.70 2790.00 2.92 15.76 1044.20 BDL BDL BDL BDL BDL BDL BDL 4.19 
DS7 BDL BDL BDL 3625.80 2.34 12.19 757.80 BDL BDL BDL 0.32 BDL BDL BDL 3.32 
DS8 BDL BDL 511.80 2231.30 2.17 14.33 1137.10 BDL 5.68 BDL BDL BDL BDL 0.59 1.82 
DS9 BDL BDL BDL 1348.40 1.08 10.61 660.90 BDL 27.18 BDL BDL 16.80 BDL BDL BDL 
DS10 BDL BDL BDL 1609.50 BDL 5.20 485.21 BDL BDL BDL BDL 9.01 BDL BDL 1.58 
DS11 BDL BDL 1015.00 4771.10 2.74 18.16 1016.30 BDL BDL 5.85 0.38 11.82 BDL BDL 7.92 
DS12 BDL BDL 1028.90 22234.0
9 
1.62 22.98 863.90 2.67 11.61 21.44 0.50 46.11 1.93 2.51 25.54 
DS13 BDL BDL BDL 6021.60 BDL 5.98 BDL BDL BDL BDL BDL 21.68 BDL BDL 10.71 
DS14 BDL BDL BDL 831.30 BDL BDL 70.10 BDL BDL BDL BDL BDL BDL BDL 1.80 
DS15 BDL BDL BDL 1719.30 BDL 7.38 469.70 BDL 2.52 BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS17 34868.0
0 
BDL 14635.0
0 
5836.70 1.42 16.71 834.40 BDL 3.31 3.65 0.90 16.08 BDL BDL 4.59 
DS18 BDL BDL BDL 669.30 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.81 
DS19 BDL BDL BDL 660.80 BDL 4.64 704.30 BDL BDL BDL BDL 13.19 BDL BDL 1.58 
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Table L.17 - monitoring period 18: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL 9395.50 2576.00 6403.70 11.01 59.13 4514.70 BDL 6.86 9.57 1.03 23.36 BDL BDL 16.72 
DS2 BDL BDL 1291.50 12672.8
0 
3.76 34.75 1847.90 BDL 5.65 15.85 0.74 30.53 BDL BDL 14.59 
DS3 BDL BDL 1431.50 3203.40 5.00 29.22 2376.90 BDL BDL BDL 0.40 BDL BDL BDL 3.09 
DS4 BDL BDL 428.00 2070.60 1.37 8.87 848.20 BDL BDL BDL BDL BDL BDL BDL 5.39 
DS5 BDL BDL 660.90 259.30 BDL BDL 140.30 BDL BDL BDL BDL BDL BDL BDL 1.88 
DS6 BDL BDL BDL 259.30 BDL BDL BDL BDL BDL BDL BDL 12.39 BDL BDL BDL 
DS7 BDL 6853.80 2172.50 10020.2
0 
8.49 56.62 4530.50 BDL 2.95 5.96 1.07 29.18 BDL BDL 11.51 
DS8 BDL BDL 546.00 2051.20 1.88 13.24 893.50 BDL BDL 3.78 0.32 BDL BDL BDL 4.20 
DS9 BDL BDL 1495.00 11261.7
0 
5.28 52.64 2584.60 BDL BDL 8.49 1.08 18.71 BDL BDL 9.47 
DS10 BDL BDL 1274.90 2653.60 2.21 15.05 1008.30 BDL BDL 4.82 0.38 16.92 BDL BDL 6.99 
DS11 BDL 9918.90 3020.60 13759.0
0 
11.09 67.95 4526.50 BDL BDL 25.69 1.40 35.49 BDL 0.55 29.93 
DS12 BDL BDL 475.40 20064.8
0 
1.75 26.50 863.40 BDL BDL 44.19 0.75 36.18 3.25 1.47 30.77 
DS13 BDL BDL BDL 17284.4
0 
2.09 29.22 1020.00 BDL BDL 31.81 0.86 28.22 1.61 1.18 28.78 
DS14 BDL BDL BDL 1079.10 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.96 
DS15 BDL BDL 641.80 3486.90 1.08 8.18 619.80 BDL BDL BDL 0.30 BDL BDL BDL 3.01 
DS16 BDL BDL BDL 12064.7
0 
3.57 32.85 1574.60 BDL BDL 22.09 0.58 11.18 BDL 1.03 22.77 
DS17 BDL BDL BDL 2898.40 1.49 14.97 917.25 BDL BDL 7.52 BDL BDL BDL BDL 8.10 
DS18 BDL BDL BDL 2827.70 BDL 4.42 BDL BDL BDL 4.56 BDL BDL BDL 0.57 5.30 
DS19 BDL BDL BDL 3041.90 1.54 15.56 742.90 BDL BDL 3.72 BDL BDL BDL BDL 9.16 
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Table L.18 - monitoring period 19: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL 800.90 5652.00 3.59 32.47 1901.00 BDL BDL 15.41 1.14 BDL BDL BDL 38.92 
DS2 BDL BDL 768.70 4548.30 1.36 32.00 1207.57 BDL 3.02 44.40 0.59 10.29 BDL BDL 31.64 
DS3 BDL BDL BDL 825.90 1.25 6.95 608.40 BDL BDL BDL BDL 9.24 BDL BDL 4.72 
DS4 BDL BDL 1107.20 8303.50 4.06 37.30 1846.20 BDL BDL 24.86 1.59 BDL BDL 0.66 44.00 
DS5 BDL BDL BDL 505.15 BDL 3.86 202.90 BDL BDL BDL BDL BDL BDL BDL 19.21 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL 1299.30 2814.60 2.74 27.56 1425.40 BDL 23.59 4.86 1.05 15.27 BDL BDL 4.00 
DS8 BDL BDL 908.20 2575.60 2.89 19.78 1447.70 BDL 3.34 4.25 0.32 BDL BDL BDL 4.88 
DS9 BDL BDL 1351.00 5886.80 6.68 40.40 2928.70 BDL BDL 8.43 0.88 16.27 BDL BDL 14.67 
DS10 BDL BDL 765.80 3510.60 1.75 14.78 437.10 BDL 2.37 BDL 0.41 8.37 BDL BDL 10.53 
DS11 BDL BDL 952.20 6961.70 2.50 28.93 1472.60 BDL BDL 23.28 1.45 14.58 BDL BDL 34.57 
DS12 BDL BDL 1147.00 20539.5
0 
2.60 49.27 1556.30 BDL 21.38 82.67 1.65 34.93 BDL 2.03 85.44 
DS13 BDL BDL 507.90 9804.50 1.43 20.79 680.70 BDL 4.56 37.53 0.98 BDL BDL 0.81 38.10 
DS14 BDL BDL BDL 1298.20 BDL 2.89 BDL BDL BDL 3.99 BDL BDL BDL BDL 4.92 
DS15 BDL BDL BDL 1495.40 BDL 9.33 904.60 BDL 6.75 4.90 BDL BDL BDL BDL 1.47 
DS16 BDL BDL BDL 1848.60 BDL 5.76 352.50 BDL BDL 4.95 0.31 BDL BDL BDL 12.90 
DS17 BDL BDL BDL 1288.00 BDL BDL 105.40 BDL BDL BDL BDL 11.99 BDL BDL 7.10 
DS18 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.90 
DS19 BDL BDL BDL 813.70 BDL 3.25 309.10 BDL BDL BDL BDL BDL BDL BDL 3.58 
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Table L.19 - monitoring period 20: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL 1287.00 7584.70 5.03 33.89 1804.90 BDL N/A 8.99 1.58 BDL BDL 0.95 30.77 
DS2 BDL BDL 727.00 13186.1
0 
3.17 43.94 1123.60 BDL N/A 47.51 3.35 BDL BDL 1.09 93.44 
DS3 BDL BDL BDL 1200.40 1.09 2.57 346.90 BDL N/A BDL 0.37 BDL BDL BDL 3.96 
DS4 BDL 8767.20 1692.00 9529.80 8.99 57.09 3706.00 BDL N/A 25.37 2.03 BDL BDL 0.98 30.33 
DS5 BDL BDL 1047.00 1787.80 1.98 18.37 1263.40 BDL N/A 5.56 0.36 BDL BDL BDL 9.90 
DS6 BDL BDL BDL 1033.40 0.97 6.46 384.50 BDL N/A BDL BDL BDL BDL BDL 1.63 
DS7 BDL BDL 782.00 7868.80 6.61 43.47 2360.60 BDL N/A 14.08 1.08 BDL BDL BDL 13.23 
DS8 BDL BDL 972.00 3854.90 2.44 21.92 798.20 BDL N/A 11.50 0.62 BDL BDL BDL 10.52 
DS9 BDL BDL BDL 1505.80 1.56 8.18 765.10 BDL N/A 5.70 0.38 BDL BDL BDL 9.40 
DS10 BDL BDL BDL 2631.10 1.51 10.84 652.40 BDL N/A BDL 0.38 BDL BDL BDL 3.35 
DS11 BDL BDL BDL 2823.80 1.30 11.55 775.40 BDL N/A 9.74 0.48 BDL BDL BDL 12.51 
DS12 BDL BDL BDL 4371.90 2.91 22.24 1467.40 BDL N/A 9.32 0.77 BDL BDL BDL 18.84 
DS13 BDL BDL BDL 1356.30 1.06 8.00 306.80 BDL N/A BDL BDL BDL BDL BDL 2.82 
DS14 BDL BDL BDL 703.50 0.84 4.27 290.20 BDL N/A BDL BDL BDL BDL BDL 3.63 
DS15 BDL BDL BDL 690.70 BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 2131.50 1.97 19.59 1157.30 BDL N/A 4.87 BDL BDL BDL 1.58 14.64 
DS17 BDL BDL 544.00 1077.50 BDL 8.19 211.30 BDL N/A BDL BDL BDL BDL BDL 3.88 
DS18 BDL BDL BDL 1130.20 BDL 3.35 BDL BDL N/A BDL BDL BDL BDL BDL 3.56 
DS19 BDL BDL BDL 523.00 BDL BDL 183.60 BDL N/A BDL BDL BDL BDL BDL BDL 
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Table L.20 - monitoring period 21: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL 1430.80 4091.30 5.48 41.29 2671.20 BDL N/A 9.33 0.77 BDL BDL BDL 27.15 
DS2 BDL BDL BDL 1032.90 BDL 9.19 648.20 BDL N/A BDL BDL BDL BDL BDL 5.98 
DS3 BDL BDL BDL BDL BDL BDL 73.90 BDL N/A 16.42 BDL BDL BDL BDL 2.89 
DS4 BDL 5172.10 876.00 3034.40 5.81 33.73 2580.60 BDL N/A BDL 0.37 BDL BDL BDL 11.58 
DS5 BDL BDL 426.40 BDL BDL 6.89 377.30 BDL N/A BDL BDL BDL BDL BDL BDL 
DS6 BDL BDL 641.50 244.30 0.95 15.49 852.10 BDL N/A 4.40 BDL BDL BDL BDL 12.44 
DS7 BDL BDL BDL 1918.20 1.56 12.00 676.30 BDL N/A BDL 0.33 BDL BDL BDL 5.54 
DS8 BDL BDL 505.10 282.62 BDL 6.59 506.98 BDL N/A BDL BDL BDL BDL BDL 1.42 
DS9 BDL BDL 530.30 2079.60 2.83 22.58 1336.40 BDL N/A BDL 0.33 BDL BDL BDL 7.64 
DS10 BDL BDL BDL 575.40 BDL BDL 126.00 BDL N/A BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL 797.40 5207.40 2.54 31.24 1161.20 BDL N/A BDL 0.76 BDL BDL BDL 17.93 
DS12 BDL BDL BDL 6775.20 0.94 19.86 460.60 BDL N/A 16.21 1.75 BDL BDL 1.34 47.55 
DS13 BDL BDL BDL 3066.80 BDL 13.64 433.60 BDL N/A 7.60 0.72 BDL BDL BDL 20.71 
DS14 BDL BDL BDL 504.30 BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL 2.49 
DS15 BDL BDL BDL 1197.70 BDL BDL 95.00 BDL N/A BDL 0.47 BDL BDL BDL 1.61 
DS16 BDL BDL BDL 1025.60 0.91 6.86 619.80 BDL N/A BDL BDL BDL BDL BDL 4.98 
DS17 BDL BDL BDL 1133.70 0.96 7.79 407.70 BDL N/A BDL BDL BDL BDL BDL 4.36 
DS18 BDL BDL BDL 1226.10 BDL 8.99 625.50 BDL N/A BDL BDL BDL BDL BDL 7.47 
DS19 BDL BDL BDL 761.20 BDL 2.82 314.30 BDL N/A BDL BDL BDL BDL BDL 2.91 
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Table L.21 - monitoring period 22: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 1641.50 1.56 11.67 809.60 BDL N/A BDL 0.34 BDL BDL BDL 11.76 
DS2 BDL BDL BDL 839.00 BDL 5.96 442.89 BDL N/A BDL BDL BDL BDL BDL 4.68 
DS3 BDL BDL BDL BDL BDL BDL 103.69 BDL N/A BDL BDL BDL BDL BDL BDL 
DS4 BDL 10506.0
0 
2635.30 10273.9
0 
12.77 61.46 4460.37 BDL N/A 10.79 0.87 BDL BDL 0.54 21.97 
DS5 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL 1.73 
DS6 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 4329.00 2.30 20.85 1230.30 BDL N/A BDL 0.55 BDL BDL BDL 6.12 
DS8 BDL BDL BDL 829.80 0.95 5.15 470.95 BDL N/A BDL BDL BDL BDL BDL 3.09 
DS9 BDL BDL BDL 1868.10 1.10 8.10 679.70 BDL N/A BDL 0.49 BDL BDL BDL 11.26 
DS10 BDL BDL BDL 990.40 BDL 3.02 BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL 527.00 7507.00 2.92 25.96 1262.30 BDL N/A 9.90 0.91 BDL BDL BDL 25.82 
DS12 BDL BDL BDL 2559.70 BDL 3.00 BDL BDL N/A BDL 0.46 BDL BDL BDL 8.02 
DS13 BDL BDL BDL 12875.3
0 
1.13 25.77 594.40 BDL N/A 12.12 1.67 BDL BDL 0.89 32.41 
DS14 BDL BDL BDL 794.60 BDL 2.54 196.50 BDL N/A BDL BDL BDL BDL BDL 3.45 
DS15 BDL BDL BDL 877.10 BDL 5.75 292.70 BDL N/A BDL BDL BDL BDL BDL 1.67 
DS16 BDL BDL BDL 2857.80 1.63 14.43 454.60 BDL N/A 5.18 0.58 BDL BDL BDL 11.58 
DS17 BDL BDL BDL 2515.40 BDL 4.00 199.90 BDL N/A BDL 0.33 BDL BDL BDL 10.83 
DS18 BDL BDL BDL 3379.50 BDL 12.56 357.00 BDL N/A 4.57 0.34 BDL BDL BDL 9.90 
DS19 BDL BDL BDL 1102.90 BDL 7.17 478.30 BDL N/A BDL BDL BDL BDL BDL 7.20 
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Table L.22 - monitoring period 23: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL 1436.00 6015.10 2.79 77.87 1472.28 BDL N/A 42.19 3.19 BDL BDL 0.70 221.01 
DS2 BDL BDL BDL 1979.10 0.99 9.21 480.60 3.07 N/A 4.62 BDL BDL BDL BDL 9.15 
DS3 BDL BDL BDL 732.50 0.89 5.57 414.78 BDL N/A BDL BDL BDL BDL BDL 6.52 
DS4 BDL BDL 997.00 5564.70 3.30 47.67 1781.91 BDL N/A 21.84 1.66 BDL BDL 0.71 114.08 
DS5 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL 6.67 
DS6 BDL BDL BDL BDL BDL BDL 115.00 BDL N/A BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL BDL 261.40 BDL 3.74 525.00 BDL N/A BDL BDL BDL BDL BDL 1.63 
DS8 BDL BDL BDL 428.60 1.08 3.49 516.30 BDL N/A BDL BDL BDL BDL BDL 2.46 
DS9 BDL BDL BDL BDL BDL BDL 82.20 BDL N/A BDL BDL BDL BDL BDL 2.23 
DS10 BDL BDL BDL 493.60 BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS11 BDL BDL BDL 1388.70 0.88 7.89 367.50 BDL N/A BDL BDL BDL BDL BDL 5.29 
DS12 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
DS13 BDL BDL BDL 3201.70 BDL 18.52 494.30 BDL N/A 12.19 0.82 BDL BDL BDL 30.22 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS15 BDL BDL BDL 581.00 BDL 2.29 132.20 BDL N/A BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL 653.40 BDL 5.10 163.60 BDL N/A 5.49 BDL BDL BDL BDL 11.02 
DS17 BDL BDL BDL 453.60 BDL 4.39 257.00 BDL N/A BDL BDL BDL BDL BDL 7.34 
DS18 BDL BDL BDL 933.60 BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL 7.55 
DS19 BDL BDL BDL 279.70 BDL 3.91 195.30 BDL N/A BDL BDL BDL BDL BDL BDL 
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Table L.23 - monitoring period 24: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS2 BDL BDL BDL 4483.80 BDL 8.03 257.41 BDL N/A 11.54 1.00 BDL BDL BDL 15.17 
DS3 BDL BDL 436.70 4659.40 BDL 9.46 251.41 BDL N/A 7.72 1.55 BDL BDL 0.57 16.75 
DS4 BDL BDL BDL 452.48 BDL BDL 266.31 BDL N/A BDL BDL BDL BDL BDL 1.85 
DS5 BDL BDL BDL 2559.57 1.11 8.97 468.48 BDL N/A BDL 0.33 BDL BDL BDL 7.34 
DS6 BDL BDL BDL 603.80 BDL 2.94 177.10 BDL N/A BDL BDL BDL BDL BDL 1.69 
DS7 BDL BDL BDL 512.60 BDL 3.09 BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS8 BDL BDL BDL 384.90 BDL 4.49 371.34 BDL N/A BDL BDL BDL BDL BDL BDL 
DS9 BDL BDL BDL BDL BDL 4.26 103.60 BDL N/A BDL BDL BDL BDL BDL 1.52 
DS10 BDL BDL BDL 2088.10 1.21 8.17 530.88 BDL N/A BDL BDL BDL BDL BDL 1.66 
DS11 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS12 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS13 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS14 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS15 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS16 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS17 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS18 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
DS19 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL BDL 
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Table L.24 - monitoring period 25: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL BDL BDL 5860.40 1.47 36.88 1033.75 BDL N/A 24.67 5.83 BDL BDL 0.66 121.48 
DS2 BDL BDL BDL 1909.40 BDL 5.53 242.90 BDL N/A 4.24 0.38 BDL BDL BDL 6.84 
DS3 BDL BDL BDL 630.20 BDL BDL 148.20 BDL N/A BDL BDL BDL BDL BDL BDL 
DS4 BDL BDL 1004.60 10731.9
0 
2.31 49.88 1263.57 BDL N/A 52.59 9.75 BDL BDL 1.82 212.07 
DS5 BDL BDL BDL 3689.30 1.33 6.96 530.90 BDL N/A 4.93 BDL BDL BDL BDL 3.34 
DS6 BDL BDL BDL 423.90 BDL BDL 142.70 BDL N/A BDL BDL BDL BDL BDL 4.25 
DS7 BDL BDL 602.50 4688.70 3.27 26.47 1409.29 BDL N/A 8.94 0.51 BDL BDL BDL 8.86 
DS8 BDL BDL BDL 2283.10 2.13 15.24 947.10 BDL N/A 6.17 BDL BDL BDL BDL 5.47 
DS9 BDL BDL BDL 2253.00 1.67 12.14 698.00 BDL N/A 4.14 BDL BDL BDL BDL 5.58 
DS10 BDL BDL BDL 3572.60 1.84 15.32 887.54 BDL N/A BDL 0.37 BDL BDL BDL 3.10 
DS11 BDL BDL BDL 3511.40 1.16 12.20 612.60 BDL N/A 14.01 0.46 BDL BDL BDL 9.39 
DS12 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
DS13 BDL BDL BDL 10182.0
0 
1.18 20.03 553.40 BDL N/A 36.75 1.44 BDL BDL 0.96 39.14 
DS14 BDL BDL BDL 1645.54 BDL 5.20 292.68 BDL N/A BDL BDL BDL BDL BDL 8.64 
DS15 BDL BDL BDL 1391.00 BDL 3.04 BDL BDL N/A BDL 0.43 BDL BDL BDL 1.51 
DS16 BDL BDL BDL 2508.40 BDL 5.88 268.00 BDL N/A 4.59 0.43 BDL BDL BDL 13.35 
DS17 BDL BDL BDL 2440.00 BDL 5.68 344.70 BDL N/A 5.90 0.40 BDL BDL BDL 13.83 
DS18 BDL BDL BDL 2778.00 BDL BDL BDL BDL N/A 9.71 0.56 BDL BDL BDL 14.29 
DS19 BDL BDL BDL 1145.70 0.82 8.64 372.50 BDL N/A BDL BDL BDL BDL BDL 4.28 
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Table L.25- monitoring period 26: Element concentrations (ppb) in solution 
 Na Al K Ca V Mn Fe Co Ni Cu As Sr Ag Cd Pb 
DS1 BDL 6697.70 1392.00 18655.4
0 
4.78 88.14 2781.70 5.08 N/A 190.56 3.44 BDL BDL 2.32 237.84 
DS2 BDL BDL BDL 1810.70 1.26 12.48 869.90 BDL N/A 4.75 BDL BDL BDL BDL 14.00 
DS3 BDL BDL BDL BDL BDL BDL BDL BDL N/A BDL BDL BDL BDL BDL 1.86 
DS4 BDL 11565.1
0 
2231.70 35217.7
0 
10.79 270.10 6092.30 6.25 N/A 238.45 13.60 BDL 1.25 4.14 595.01 
DS5 BDL BDL BDL BDL BDL 2.84 166.80 BDL N/A BDL BDL BDL BDL BDL BDL 
DS6 BDL BDL BDL BDL BDL BDL 73.10 BDL N/A BDL BDL BDL BDL BDL BDL 
DS7 BDL BDL 655.40 4483.30 2.45 26.48 1834.89 BDL N/A 14.25 0.64 BDL BDL BDL 26.95 
DS8 BDL BDL BDL 1228.40 0.94 6.35 359.70 BDL N/A BDL BDL BDL BDL BDL 5.41 
DS9 BDL BDL 493.50 2003.70 1.90 17.80 1020.67 BDL N/A 7.35 0.34 BDL BDL BDL 12.77 
DS10 BDL BDL 484.30 2095.50 1.34 10.91 654.50 BDL N/A BDL 0.38 BDL BDL BDL 2.31 
DS11 BDL BDL 617.30 9983.80 2.81 47.99 1506.30 3.97 N/A 114.84 1.17 BDL BDL 1.20 99.21 
DS12 BDL 6866.10 922.50 32583.8
0 
4.25 115.90 1912.50 4.07 N/A 166.88 8.25 BDL 1.24 3.14 204.22 
DS13 BDL 7804.00 1119.20 39027.1
0 
5.43 106.86 2748.47 3.96 N/A 185.25 8.04 BDL 1.30 3.55 280.92 
DS14 BDL BDL BDL 785.60 BDL 3.22 308.97 BDL N/A 4.63 BDL BDL BDL BDL 5.34 
DS15 BDL BDL BDL 1476.40 BDL 7.80 385.89 BDL N/A BDL BDL BDL BDL BDL 2.45 
DS16 BDL BDL 430.90 6448.70 1.78 33.58 957.76 BDL N/A 86.51 0.71 BDL BDL 0.90 73.03 
DS17 BDL BDL BDL 4171.40 1.23 21.94 747.48 BDL N/A 59.17 0.44 BDL BDL 0.64 53.22 
DS18 BDL BDL 631.80 7796.40 1.98 27.89 1052.10 BDL N/A 40.32 1.88 BDL BDL 0.81 73.79 
DS19 BDL BDL BDL 1552.20 1.04 9.14 434.10 BDL N/A BDL BDL BDL BDL BDL 5.32 
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Appendix M: APC proportions per sample per monitoring period 
APC proportions derived from each mixing model (monitoring period 1 – 26) 
TableM.1a– MP1 APC proportion from mixing model (Figure 6.2). Further APC proportions from respective binary mixing models A.44 – A.55 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
DS1 100 0 80 0 50 55 85 0 65 100 50 30 30 
DS2 0 0 0 0 0 0 0 5 0 0 55 10 0 
DS3 0 0 0 0 0 0 5 0 0 0 0 0 15 
DS4 95 95 15 0 30 65 35 70 25 0 100 45 30 
DS5 0 0 0 0 0 0 0 0 0 0 0 0 40 
DS6 0 0 0 0 0 0 0 0 0 0 0 0 0 
DS7 55 50 5 0 0 0 0 15 15 25 15 0 35 
DS8 20 35 0 0 0 0 0 0 0 0 0 30 0 
DS9 70 35 0 0 0 0 0 0 40 35 0 15 0 
DS10 15 25 0 40 0 15 20 20 10 5 15 25 0 
DS11 65 20 25 0 25 25 45 15 35 25 25 0 25 
DS12 0 0 30 0 35 20 15 25 60 55 0 60 75 
DS13 70 0 20 0 35 40 10 0 65 0 0 35 0 
DS14 35 0 0 0 0 25 45 5 55 45 0 0 0 
DS15 0 0 0 0 0 0 0 0 0 20 0 0 0 
DS16 50 0 45 0 0 0 55 0 15 75 0 0 0 
DS17 50 0 30 0 0 0 40 0 0 0 0 0 0 
DS18 0 0 0 0 0 30 15 0 0 0 0 0 15 
DS19 0 0 0 0 0 0 15 0 0 30 0 0 0 
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Table M.1b - APC MP1 APC proportion derived from mixing model (Figure 6.2). Further APC proportions derived from respective binary mixing 
models A.56 – A.68. 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
DS1 45 0 0 10 5 20 30 10 0 0 0 0 0 
DS2 50 10 0 15 35 25 70 10 10 30 80 50 0 
DS3 20 10 0 0 5 0 25 0 0 0 80 0 0 
DS4 55 20 0 5 15 30 15 0 10 0 0 0 45 
DS5 0 5 10 15 0 0 0 0 0 0 35 35 0 
DS6 0 0 0 15 0 0 15 0 0 0 20 0 0 
DS7 15 0 0 25 10 5 15 15 20 0 0 20 15 
DS8 25 0 0 5 10 5 30 0 5 0 0 15 25 
DS9 50 0 0 0 20 10 0 5 0 0 0 20 10 
DS10 0 0 15 15 15 45 20 0 0 0 20 20 15 
DS11 80 0 0 25 15 35 25 25 40 25 0 35 50 
DS12 90 0 90 85 80 70 20 80 0 45 0 85 80 
DS13 80 0 0 0 70 75 25 50 80 0 0 40 80 
DS14 0 0 0 0 0 0 15 0 30 0 0 0 0 
DS15 15 0 0 0 30 5 0 0 15 0 0 60 20 
DS16 40 0 0 0 45 0 10 10 40 0 0 0 50 
DS17 0 0 0 35 20 0 30 15 75 0 0 0 0 
DS18 45 0 0 0 0 0 0 10 50 0 0 15 0 
DS19 0 0 0 0 0 15 0 15 15 0 0 0 20 
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Appendix N: Meteorological data for each monitoring period 
Meteorological data per monitoring period (monitoring periods 1 – 26) 
Table N.1 – Meteorological dataset: monitoring period 1 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
26 N/A N/A N/A N/A N/A N/A 
27 13.1 14.7 0.3 4.3 13.4 SSW 
28 14.4 16.1 0.3 6.7 17.0 SW 
29 9.7 12.6 0.0 2.5 10.3 S 
30 10.0 14.2 0.0 2.2 8.9 S 
31 12.3 16.5 0.0 2.9 7.2 SSW 
1 12.1 16.4 0.3 2.2 8.5 WSW 
2 11.8 15.8 0.0 1.5 6.3 S 
3 10.6 13.9 0.0 0.9 4.0 S 
4 5.3 8.1 0.3 0.4 3.1 SSE 
5 7.2 12.8 0.5 2.3 8.9 SW 
6 8.2 11.8 0.0 1.9 7.2 SW 
7 11.1 14.0 0.0 4.0 11.2 WSW 
8 10.3 13.9 3.0 5.0 16.1 SW 
9 8.3 10.2 0.3 5.1 13.0 WNW 
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Table N.2 – Meteorological dataset: monitoring period 2 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
9 8.3 10.2 0.3 5.1 13.0 WNW 
10 11.6 14.2 0.3 6.2 13.0 WNW 
11 9.6 12.8 0.3 4.6 13.4 W 
12 2.7 6.1 0.0 1.1 5.8 S 
13 8.0 10.9 1.3 4.0 15.2 SSW 
14 5.9 8.5 0.0 2.0 8.9 NNW 
15 0.7 6.0 0.3 0.5 2.2 WNW 
16 2.6 6.4 0.5 1.0 4.5 SSE 
17 7.7 10.2 0.0 3.8 13.0 S 
18 4.2 7.2 15.0 7.7 17.4 SSE 
19 6.9 9.7 1.3 4.3 12.1 SE 
20 7.7 10.1 3.3 3.3 10.7 NE 
21 8.7 10.2 0.0 3.6 9.8 SSE 
22 7.2 10.2 1.5 2.4 9.4 SSE 
23 2.7 6.4 0.0 3.4 10.7 N 
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Table N.3 - Meteorological dataset: monitoring period 3 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
23 2.7 6.4 0.0 3.4 10.7 N 
24 4.9 10.0 0.0 3.8 13.0 SSW 
25 8.2 10.7 0.0 2.1 8.0 W 
26 8.6 9.9 0.0 0.6 2.7 ENE 
27 9.4 10.7 1.0 1.3 6.7 S 
28 9.6 11.2 0.5 4.8 12.5 SSW 
29 8.1 9.9 0.0 4.1 10.7 SSW 
30 11.3 13.7 5.8 6.7 17.9 SW 
1 7.3 9.4 2.3 6.8 18.8 SW 
2 9.3 12.2 4.6 7.8 21.0 SSW 
3 7.4 10.2 0.0 4.2 14.3 W 
4 11.1 13.9 0.0 5.5 16.1 SW 
5 11.9 14.2 13.2 7.6 17.9 WSW 
6 12.7 15.1 5.1 7.2 17.9 SW 
7 7.8 13.3 0.0 6.0 21.5 W 
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Table N.4 - Meteorological dataset: monitoring period 4 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
7 7.8 13.3 0.0 6.0 21.5 W 
8 7.9 12.9 5.3 5.9 19.2 S 
9 7.2 9.3 2.5 6.3 17.0 S 
10 5.3 8.1 0.5 6.4 17.9 NNW 
11 2.0 6.1 0.0 1.2 4.9 SSE 
12 3.7 6.7 0.0 3.1 7.6 SSE 
13 3.7 6.5 0.0 3.5 8.9 SSE 
14 2.4 3.4 0.0 3.6 8.5 SSE 
15 2.2 3.9 0.0 2.1 7.6 ESE 
16 1.1 2.6 0.0 2.1 7.6 ESE 
17 1.6 3.8 0.0 4.5 13.4 NE 
18 2.9 3.8 0.0 3.8 10.3 ENE 
19 2.6 4.6 0.0 3.1 8.9 ENE 
20 -1.4 2.1 0.0 1.6 5.4 NE 
21 1.6 2.3 0.0 1.6 5.8 ESE 
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Table N.5 - Meteorological dataset: monitoring period 5 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
21 1.6 2.3 0.0 1.6 5.8 ESE 
22 4.3 8.6 0.5 1.3 7.2 S 
23 1.8 6.4 0.3 1.4 6.3 S 
24 9.8 11.3 3.6 6.3 13.9 SSW 
25 6.6 10.4 11.4 3.0 14.8 SSW 
26 7.3 10.1 0.0 3.8 13.0 SW 
27 11.3 12.1 0.0 7.6 14.8 SW 
28 10.9 11.8 9.4 9.1 20.6 SSW 
29 6.7 9.2 2.8 6.2 34.4 SW 
30 6.1 7.4 0.0 1.9 6.7 SSW 
31 7.8 9.2 0.0 2.0 5.4 SSE 
1 8.2 9.4 0.0 2.5 5.8 SSE 
2 4.7 7.4 0.3 5.5 14.8 E 
3 1.7 2.8 0.0 4.1 13.4 E 
4 5.7 8.9 3.0 5.1 18.8 S 
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Table N.6 - Meteorological dataset: monitoring period 6 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
4 5.7 8.9 3.0 5.1 18.8 S 
5 5.9 8.6 0.3 4.9 12.1 SW 
6 5.8 9.8 0.3 4.4 16.1 SSE 
7 7.1 8.3 1.0 7.2 18.8 SW 
8 8.4 11.8 4.1 7.2 23.7 SSW 
9 6.2 10.1 1.8 6.6 20.1 SW 
10 9.7 11.9 0.8 8.2 21.5 SSW 
11 4.6 6.7 26.4 6.2 26.4 NNW 
12 5.6 10.1 1.3 3.8 12.1 SSE 
13 9.9 11.1 1.8 9.5 19.7 S 
14 8.3 9.6 2.3 7.7 18.3 SW 
15 8.8 11.9 19.6 6.6 18.3 SW 
16 5.0 8.1 0.0 2.3 9.8 SW 
17 7.8 11.5 3.3 6.3 17.9 SW 
18 10.9 13.1 1.0 7.6 16.5 SW 
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Table N.7 - Meteorological dataset: monitoring period 7 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
18 10.9 13.1 1.0 7.6 16.5 SW 
19 11.9 12.9 2.5 5.6 13.4 SW 
20 12.0 13.4 0.0 6.5 13.0 SW 
21 10.2 11.5 6.3 8.0 17.9 SW 
22 6.7 11.4 0.0 4.0 13.0 S 
23 11.2 11.8 0.0 7.4 15.6 SW 
24 8.1 10.9 0.0 5.5 14.8 SW 
25 8.5 10.8 0.0 7.3 15.2 WSW 
26 8.2 11.1 0.0 5.7 14.3 SW 
27 7.4 11.6 0.0 2.9 9.8 SW 
28 5.4 8.1 0.0 2.0 7.6 SW 
29 8.5 10.8 1.3 4.1 13.9 SW 
30 5.4 7.7 0.5 3.7 12.5 W 
31 6.5 8.2 5.6 9.2 22.8 SW 
1 4.0 7.1 0.0 4.5 14.3 WSW 
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Table N.8 - Meteorological dataset: monitoring period 8 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
1 4.0 7.1 0.0 4.5 14.3 WSW 
2 3.8 7.2 0.0 5.0 14.8 S 
3 6.3 7.9 6.3 9.2 20.6 SSE 
4 5.8 8.6 3.3 5.2 16.5 SSW 
5 9.8 11.8 5.1 8.6 20.6 SW 
6 7.1 9.1 0.5 4.3 14.3 W 
7 9.1 11.4 0.3 5.5 14.3 S 
8 8.8 11.8 0.0 4.2 10.3 S 
9 9.1 15.1 0.0 2.3 5.8 S 
10 5.6 11.7 0.0 0.9 4.0 NW 
11 4.7 11.8 0.0 0.9 3.1 NNW 
12 5.1 12.2 0.0 0.7 4.0 NNE 
13 2.7 9.6 0.3 1.2 8.0 SSE 
14 3.2 5.0 0.0 3.4 8.0 ENE 
15 3.7 6.4 0.0 3.7 9.8 ENE 
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Table N.9 - Meteorological dataset: monitoring period 9 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
15 3.7 6.4 0.0 3.7 9.8 ENE 
16 0.9 5.4 0.0 2.5 7.2 NE 
17 0.1 6.3 0.0 0.9 5.4 ENE 
18 0.9 7.9 0.3 0.9 4.5 S 
19 -0.9 3.8 0.0 1.9 6.3 NE 
20 3.0 6.6 0.3 1.6 8.0 ENE 
21 8.6 10.1 0.0 6.3 14.3 SW 
22 10.3 12.8 0.0 5.9 14.3 SW 
23 9.8 11.6 0.0 5.9 14.8 SW 
24 8.7 11.4 1.0 4.1 11.2 SW 
25 6.8 10.9 1.0 5.7 16.5 SSW 
26 9.1 11.4 2.0 6.5 15.2 W 
27 7.1 10.8 0.0 3.0 9.8 SW 
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Table N.10 - Meteorological dataset: monitoring period 10 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
27 7.1 10.8 0.0 3.0 9.8 SW 
28 5.7 9.9 0.0 1.2 5.8 W 
29 7.7 13.1 0.8 6.6 17.9 SW 
1 10.0 13.4 0.3 9.1 24.1 W 
2 9.7 12.6 0.5 6.5 17.0 W 
3 4.5 7.7 0.0 4.7 12.5 SW 
4 3.7 8.7 0.3 4.1 12.1 NNW 
5 4.8 9.9 0.0 3.5 11.6 SW 
6 8.9 11.3 0.0 5.1 13.4 SW 
7 7.7 10.7 1.0 5.7 14.8 SW 
8 8.4 11.1 1.8 7.2 18.3 SW 
9 6.4 10.4 2.3 4.8 13.0 SW 
10 6.8 9.1 8.1 9.0 24.1 S 
11 8.7 13.4 1.3 7.8 21.5 WSW 
12 7.4 10.4 0.8 10.1 22.8 W 
13 7.3 9.8 2.0 3.4 11.2 SW 
14 8.6 10.7 0.3 1.7 6.7 SSE 
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Table N.11 - Meteorological dataset: monitoring period 11 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
14 8.6 10.7 0.3 1.7 6.7 SSE 
15 10.7 13.8 12.4 3.4 9.4 S 
16 7.2 9.5 11.2 7.6 14.8 NNE 
17 5.6 7.9 0.0 3.4 9.4 NE 
18 4.4 7.6 0.0 3.3 9.8 NNW 
19 4.8 8.7 0.0 2.9 10.7 N 
20 7.2 11.1 0.0 5.5 16.5 WSW 
21 6.3 10.5 3.3 9.9 24.1 NW 
22 3.1 6.8 0.5 8.9 33.1 NNW 
23 3.3 7.2 0.3 4.4 16.1 NNW 
24 3.5 7.1 0.3 4.2 15.6 WNW 
25 5.4 8.7 0.0 4.2 9.8 WNW 
26 7.8 12.3 0.0 2.8 10.3 WNW 
27 6.7 11.7 0.0 2.2 7.6 SSW 
28 8.0 11.9 4.3 7.6 19.2 SSE 
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Table N.12 - Meteorological dataset: monitoring period 12 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
28 8.0 11.9 4.3 7.6 19.2 SSE 
29 8.3 10.9 8.4 8.5 21.9 S 
30 9.2 13.0 0.8 4.1 17.9 SW 
31 9.7 12.9 0.0 3.6 9.4 SE 
1 11.3 14.8 0.3 7.2 16.5 W 
2 11.2 15.3 0.0 4.2 13.9 WNW 
3 12.3 15.3 0.0 1.7 6.3 N 
4 10.1 15.3 0.0 2.9 9.8 SW 
5 6.4 9.3 1.0 4.2 14.8 N 
6 2.3 6.1 1.5 4.5 13.0 NNW 
7 4.1 8.1 0.0 2.7 9.4 W 
8 4.8 10.3 2.5 2.6 11.6 S 
9 5.8 10.7 0.0 1.9 8.0 S 
10 6.8 11.3 0.5 3.5 12.5 SW 
11 7.1 10.7 4.6 6.2 15.2 S 
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Table N.13 - Meteorological dataset: monitoring period 13 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
11 7.1 10.7 4.6 6.2 15.2 S 
12 7.4 11.9 1.3 4.4 12.1 SSW 
13 7.3 11.5 0.3 3.2 11.6 SSE 
14 6.3 11.3 1.3 3.4 13.0 S 
15 5.6 12.2 2.8 2.8 12.1 SW 
16 5.7 11.1 0.3 2.7 9.4 ESE 
17 6.4 10.3 0.0 6.9 16.1 E 
18 8.9 10.7 0.0 8.7 17.4 ENE 
19 7.6 9.4 0.3 6.6 14.8 ENE 
20 8.2 9.6 0.3 4.2 10.3 NE 
21 9.3 13.6 1.8 6.7 13.4 NE 
22 10.8 17.8 0.0 2.9 8.5 NNE 
23 12.2 17.2 2.0 3.6 9.4 SSE 
24 10.8 14.9 6.1 5.6 18.8 WSW 
25 11.6 14.8 0.0 4.1 9.4 SSW 
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Table N.14 - Meteorological dataset: monitoring period 14 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
25 11.6 14.8 0.0 4.1 9.4 SSW 
26 14.3 19.1 0.0 5.2 13.0 S 
27 12.8 17.9 1.8 3.4 10.7 S 
28 9.6 13.0 2.8 4.8 13.0 SW 
29 8.1 12.8 7.9 4.2 13.9 SE 
30 7.7 9.8 5.1 3.2 8.0 SSE 
1 10.0 14.4 0.5 4.7 14.8 SW 
2 10.9 16.3 0.0 3.4 10.3 SSE 
3 14.8 20.3 0.0 5.2 13.4 SSE 
4 17.1 19.9 1.3 5.6 17.4 SE 
5 15.3 19.5 3.8 1.9 9.8 NE 
6 16.4 22.2 0.0 3.8 10.3 ESE 
7 18.3 24.8 0.0 4.1 10.3 ESE 
8 19.0 25.1 0.0 5.1 13.9 ESE 
9 17.9 21.8 0.3 2.0 7.2 S 
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Table N.15 - Meteorological dataset: monitoring period 15 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
9 17.9 21.8 0.3 2.0 7.2 S 
10 18.1 22.2 0.0 1.0 4.9 NNW 
11 19.1 25.4 0.0 2.2 7.6 ENE 
12 16.4 22.9 0.0 4.2 10.3 NE 
13 13.8 19.0 0.0 6.5 13.4 NE 
14 13.0 17.4 0.0 5.9 12.5 NE 
15 10.4 12.3 3.8 4.1 11.2 NE 
16 10.3 12.1 5.3 2.6 8.0 NE 
17 11.2 13.6 0.0 3.4 10.3 NE 
18 10.4 13.9 0.0 4.1 10.7 NE 
19 9.2 12.6 0.0 3.2 8.9 ENE 
20 10.9 14.3 0.0 2.9 8.5 E 
21 13.1 18.1 0.0 4.3 9.8 SE 
22 15.3 20.6 0.0 4.3 13.0 SE 
23 15.2 19.7 0.0 3.4 11.2 ENE 
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Table N.16 - Meteorological dataset: monitoring period 16 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
23 15.2 19.7 0.0 1.5 5.0 ENE 
24 13.6 17.5 0.0 3.8 7.8 NE 
25 11.4 12.9 7.9 3.4 7.0 NE 
26 11.2 12.9 9.1 4.2 8.6 ENE 
27 12.1 14.9 1.8 1.9 7.0 NE 
28 12.8 14.1 8.9 1.5 4.0 NNE 
29 14.0 17.7 0.3 1.0 3.2 N 
30 15.1 18.3 0.3 0.6 2.6 NE 
31 15.9 19.9 0.0 0.6 3.4 ENE 
1 15.7 17.8 0.0 0.7 2.4 NE 
2 15.6 18.4 1.5 0.6 2.8 NW 
3 13.8 14.9 17.0 0.9 3.2 NW 
4 13.8 18.6 0.0 1.2 4.2 SW 
5 14.3 19.1 0.0 1.7 4.6 SSE 
6 13.7 17.8 0.0 1.1 3.6 NNW 
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Table N.17 - Meteorological dataset: monitoring period 17 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
6 13.7 17.8 0.0 2.4 8.0 NNW 
7 13.7 18.8 0.0 2.4 8.0 N 
8 16.9 23.2 0.0 2.2 8.0 N 
9 18.3 24.7 0.0 1.6 6.3 NNW 
10 16.8 21.4 0.0 3.2 9.8 N 
11 14.4 18.5 0.5 2.5 10.7 WNW 
12 12.2 15.3 3.0 2.9 10.7 N 
13 11.5 14.2 0.0 2.0 7.6 NW 
14 12.8 18.2 0.0 2.1 8.9 W 
15 12.3 16.7 0.0 1.7 6.7 S 
16 13.2 18.6 0.0 1.6 6.7 NNE 
17 13.7 17.9 0.0 3.8 13.4 SW 
18 14.3 17.0 2.0 7.1 16.5 SSW 
19 15.1 18.6 0.3 6.3 17.9 WSW 
20 14.8 18.3 0.0 4.2 9.4 SW 
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Table N.18 - Meteorological dataset: monitoring period 18 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
20 14.8 18.3 0.0 4.2 9.4 SW 
21 15.4 18.6 3.6 4.5 13.9 S 
22 15.8 17.8 1.3 8.7 18.3 WSW 
23 14.8 19.0 0.0 2.4 8.9 W 
24 16.4 21.4 0.0 3.3 9.4 SSE 
25 16.1 19.1 0.0 6.0 15.2 SW 
26 14.8 19.2 1.0 6.4 17.4 SW 
27 15.3 19.1 0.3 5.3 15.6 SW 
28 16.7 19.9 0.0 5.6 12.1 SW 
29 15.8 19.8 0.0 5.5 15.2 SW 
30 15.7 20.2 0.0 3.6 10.3 SW 
1 19.1 25.1 0.3 4.6 15.6 SSE 
2 15.4 18.3 1.0 4.1 10.3 SSE 
3 15.3 19.0 3.0 4.5 12.5 SW 
4 15.2 20.8 0.0 2.8 11.6 SSE 
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Table N.19 - Meteorological dataset: monitoring period 19 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
4 15.2 20.8 0.0 2.8 11.6 SSE 
5 16.3 19.6 5.6 8.4 20.1 S 
6 14.7 18.9 7.4 6.3 15.6 S 
7 14.8 18.8 10.7 5.0 13.4 W 
8 14.3 17.5 1.0 4.0 13.0 SW 
9 15.0 17.7 15.5 4.3 13.9 SSE 
10 15.9 19.6 0.3 6.2 13.9 SW 
11 14.3 18.6 4.6 4.2 12.5 SW 
12 12.6 16.3 0.8 3.2 14.8 W 
13 15.1 20.3 0.0 2.1 8.0 SSE 
14 16.1 19.6 0.0 4.2 10.7 SW 
15 18.6 23.4 0.0 4.5 12.1 SW 
16 15.8 18.6 0.0 4.0 11.6 WNW 
17 15.1 17.2 0.3 3.5 10.7 SW 
18 16.2 19.2 0.0 3.6 10.3 SW 
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Table N.20 - Meteorological dataset: monitoring period 20 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
18 16.2 19.2 0.0 3.6 10.3 SW 
19 N/A N/A N/A N/A N/A N/A 
20 N/A N/A N/A N/A N/A N/A 
21 14.4 20.3 0.0 3.7 10.7 NW 
22 16.7 22.8 0.0 2.2 7.2 WSW 
23 19.0 24.9 0.0 2.0 7.6 ESE 
24 20.9 26.4 0.0 4.4 11.2 ESE 
25 20.2 22.7 0.0 4.5 12.1 ESE 
26 19.0 24.4 0.0 1.8 6.7 SSW 
27 20.6 27.2 1.3 1.1 6.3 SW 
28 21.2 27.7 8.9 1.9 10.3 SE 
29 18.0 21.2 7.9 5.6 17.9 S 
30 19.1 23.3 0.0 5.2 13.9 S 
31 19.7 23.2 2.8 3.4 10.7 SSE 
1 17.3 21.1 5.1 5.7 14.8 SW 
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Table N.21 - Meteorological dataset: monitoring period 21 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
1 17.3 21.1 5.1 5.7 14.8 SW 
2 17.7 22.3 1.3 4.6 11.2 SSW 
3 16.5 20.2 2.8 3.9 13.0 SW 
4 15.8 19.6 0.0 3.8 9.4 SW 
5 16.9 20.4 6.1 4.2 13.9 SSW 
6 19.4 22.8 0.0 3.8 11.2 SSW 
7 17.4 21.4 1.3 1.9 8.5 WNW 
8 16.2 19.8 2.0 2.4 8.0 SSW 
9 15.8 18.7 3.8 5.4 15.6 SSW 
10 16.6 19.6 3.3 6.9 15.6 SW 
11 15.7 18.0 0.0 4.9 10.7 SW 
12 15.2 18.1 11.9 4.6 14.3 SW 
13 13.7 17.8 10.4 5.6 14.3 SW 
14 14.3 18.7 5.3 3.4 10.3 SW 
15 14.6 19.0 0.0 3.3 10.3 S 
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Table N.22 - Meteorological dataset: monitoring period 22 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
15 14.6 19 0.0 1.5 4.6 S 
16 15.4 18.2 0.5 2.3 6.2 SSE 
17 15.4 18.6 9.4 2.0 5.6 SW 
18 16.2 18.5 2.0 3.3 7.8 S 
19 16.0 18.9 1.8 2.8 7.4 SW 
20 15.9 18.4 0.8 2.1 6.6 SW 
21 16.6 19.8 2.3 1.8 4.6 SW 
22 14.3 18.2 1.3 1.2 4.4 NW 
23 14.1 18.3 0.3 1.4 4.8 SSE 
24 16.1 19.5 5.6 2.1 5.4 SW 
25 16.6 19.8 0.0 2.8 6.4 SW 
26 16.8 19.1 0.0 2.1 5.6 SW 
27 17.0 19.7 0.0 1.9 5.2 SW 
28 17.8 21.6 0.0 1.2 3.6 SW 
29 19.2 22.3 0.0 0.7 2.0 SSW 
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Table N.23 - Meteorological dataset: monitoring period 23 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
29 19.2 22.3 0.0 1.5 4.5 SSW 
30 20.4 24.9 0.0 2.4 10.3 SE 
31 16.0 18.1 7.9 1.7 6.3 SSE 
1 14.6 18.0 24.9 4.9 17.0 SSW 
2 13.9 17.6 3.3 4.9 15.2 SW 
3 12.9 16.3 8.4 6.4 20.6 SW 
4 13.0 15.7 7.6 3.7 9.4 SSW 
5 15.2 17.5 13.0 5.5 14.8 SE 
6 14.3 16.3 5.6 3.8 11.2 SSW 
7 13.9 15.3 1.8 2.6 8.5 WNW 
8 14.3 16.0 0.0 2.1 7.6 SW 
9 15.2 18.1 8.4 5.6 15.6 S 
10 15.0 18.9 0.0 3.4 15.6 SSW 
11 N/A N/A N/A N/A N/A N/A 
12 N/A N/A N/A N/A N/A N/A 
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Table N.24 - Meteorological dataset: monitoring period 24 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
12 N/A N/A N/A N/A N/A N/A 
13 12.2 12.4 0.0 0.1 2.2 WSW 
14 N/A N/A N/A N/A N/A N/A 
15 N/A N/A N/A N/A N/A N/A 
16 N/A N/A N/A N/A N/A N/A 
17 N/A N/A N/A N/A N/A N/A 
18 15.3 17.2 0.0 0.8 4.9 SSE 
19 14.2 19.4 0.0 1.2 5.4 W 
20 13.7 20.3 0.0 1.3 7.2 SSE 
21 12.9 18.6 0.0 1.2 8.0 ENE 
22 12.3 17.1 0.3 3.0 11.2 NNE 
23 12.3 15.1 0.3 4.5 11.2 NNE 
24 13.5 16.9 0.0 4.0 9.8 NNE 
25 13.9 17.4 0.0 2.9 7.6 NE 
26 13.2 18.7 0.0 2.1 8.9 ESE 
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Table N.25 - Meteorological dataset: monitoring period 25 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
26 13.2 18.7 0.0 2.1 8.9 ESE 
27 11.3 17.3 0.0 1.1 5.4 W 
28 10.9 16.9 0.3 1.6 9.4 SSE 
29 11.8 15.6 0.3 3.4 11.6 W 
30 13.4 14.8 0.3 5.9 14.3 WSW 
1 11.8 14.1 4.3 6.9 17.9 W 
2 9.1 12.9 0.3 3.9 12.1 SW 
3 7.9 12.0 0.0 5.5 14.8 NNW 
4 10.4 14.8 0.0 6.9 17.9 SSW 
5 11.3 15.7 8.1 4.9 13.0 NNE 
6 9.7 14.9 0.3 3.0 10.3 SSE 
7 14.8 18.1 3.0 6.6 16.5 S 
8 11.2 15.7 0.0 2.2 7.2 SSE 
9 10.9 16.0 0.0 3.1 9.8 SSE 
10 14.3 18.1 0.0 6.4 14.3 SSW 
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Table N.26 – Meteorological dataset: monitoring period 26 
 TEMPERATURE (°C)  WIND SPEED (ms-1) 
DAY MEAN  HIGH  RAIN (mm) AVERAGE HIGH  DIRECTION 
10 14.3 18.1 0.0 6.4 14.3 SSW 
11 13.3 18.1 0.0 2.9 8.5 SSE 
12 14.3 20.3 0.0 2.3 8.5 S 
13 14.4 16.7 0.0 3.0 10.3 SSW 
14 13.8 14.9 0.0 3.6 8.5 SSW 
15 13.0 15.5 0.3 3.9 10.3 SSW 
16 9.7 12.8 0.0 3.4 12.1 WSW 
17 10.4 13.2 0.0 0.9 5.8 SSE 
18 13.2 14.8 0.0 1.8 10.3 SW 
19 13.4 13.9 0.0 1.5 13.4 SSW 
20 N/A N/A N/A N/A N/A N/A 
21 N/A N/A N/A N/A N/A N/A 
22 N/A N/A N/A N/A N/A N/A 
23 13.6 14.6 0.0 6.3 20.6 SSW 
24 10.4 13.5 1.0 3.8 17.4 W 
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Appendix O: % AAC from each sub-sampled segment 
Table O.1a – % AAC from each Sub-sampled segment (mp 1 – 13) 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
DS1 95 1 9 0 10 79 91 1 92 100 90 100 93 
DS2 1 1 0 0 1 3 1 1 0 67 66 99 17 
DS3 1 2 1 1 1 2 12 0 1 9 99 41 100 
DS4 100 80 7 1 54 100 50 43 55 95 100 100 100 
DS5 0 20 1 0 1 1 1 1 1 28 100 58 52 
DS6 1 4 0 0 0 0 1 0 0 3 53 57 23 
DS7 100 0 9 1 2 2 2 0 3 99 75 100 62 
DS8 28 0 0 0 0 1 48 0 0 96 85 100 23 
DS9 1 0 1 0 0 0 0 0 0 79 30 73 33 
DS10 99 17 0 3 0 1 1 2 1 11 100 99 100 
DS11 14 1 36 1 14 98 59 6 29 100 96 98 62 
DS12 1 0 6 0 1 64 4 1 6 96 57 100 80 
DS13 34 1 0 0 1 13 3 0 1 61 75 97 55 
DS14 0 0 0 0 0 1 0 2 0 30 15 59 9 
DS15 0 0 0 0 0 0 0 0 0 30 18 38 16 
DS16 1 1 0 0 0 11 2 0 0 70 48 86 41 
DS17 0 0 0 0 0 1 2 0 0 70 62 82 41 
DS18 0 0 0 0 0 0 1 0 0 32 51 83 22 
DS19 0 0 0 0 0 0 1 0 4 19 37 57 7 
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Table O.1b -% AAC from each Sub-sampled segment (mp 14 – 26) 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
DS1 100 26 75 100 100 100 100 100 100 100 12 100 100 
DS2 100 100 90 94 100 100 100 95 97 100 99 99 100 
DS3 100 100 72 100 100 100 100 24 73 83 100 79 35 
DS4 100 99 83 100 100 100 100 100 100 100 51 100 100 
DS5 46 87 75 90 21 26 67 30 19 8 99 99 93 
DS6 30 100 99 59 13 23 78 23 18 16 73 53 32 
DS7 30 18 39 100 100 99 100 100 100 71 33 100 100 
DS8 26 8 70 93 96 100 99 57 50 72 29 100 82 
DS9 29 3 99 16 100 100 100 100 99 60 11 99 100 
DS10 99 83 98 99 100 100 99 62 93 46 100 100 100 
DS11 94 13 53 100 100 100 96 100 100 100 27 100 100 
DS12 100 48 50 100 100 100 100 100 100 100 59 71 100 
DS13 99 29 33 100 94 100 100 100 100 100 64 100 100 
DS14 35 5 13 49 100 71 62 29 39 39 10 59 83 
DS15 61 29 84 91 100 96 38 79 74 75 10 96 93 
DS16 74 4 19 2 100 100 99 99 99 90 14 100 100 
DS17 91 19 94 97 100 100 97 95 97 92 19 97 100 
DS18 94 69 22 73 100 90 90 91 100 80 4 100 100 
DS19 61 6 10 64 100 100 51 92 90 51 6 88 100 
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Appendix P: Proportion of AAC explained by APC 
Proportion of AAC explained by APC (monitoring periods 1 – 26) 
Table P.1a – Proportion of AAC explained by APC (mp 1 – 13) 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
DS1 95 0 7 0 5 43 78 0 60 100 45 30 28 
DS2 0 0 0 0 0 0 0 0 0 0 36 10 0 
DS3 0 0 0 0 0 0 1 0 0 0 0 0 15 
DS4 95 76 1 0 16 65 18 30 14 0 100 45 30 
DS5 0 0 0 0 0 0 0 0 0 0 0 0 21 
DS6 0 0 0 0 0 0 0 0 0 0 0 0 0 
DS7 55 0 0 0 0 0 0 0 0 25 11 0 22 
DS8 6 0 0 0 0 0 0 0 0 0 0 30 0 
DS9 1 0 0 0 0 0 0 0 0 28 0 11 0 
DS10 15 4 0 1 0 0 0 0 0 1 15 25 0 
DS11 9 0 9 0 4 24 27 1 10 25 24 0 16 
DS12 0 0 2 0 0 13 1 0 3 53 0 60 60 
DS13 24 0 0 0 0 5 0 0 1 0 0 34 0 
DS14 0 0 0 0 0 0 0 0 0 14 0 0 0 
DS15 0 0 0 0 0 0 0 0 0 6 0 0 0 
DS16 0 0 0 0 0 0 1 0 0 52 0 0 0 
DS17 0 0 0 0 0 0 1 0 0 0 0 0 0 
DS18 0 0 0 0 0 0 0 0 0 0 0 0 3 
DS19 0 0 0 0 0 0 0 0 0 6 0 0 0 
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Table P.1b - Proportion of AAC explained by APC (mp 14 – 15) 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
DS1 45 0 0 10 5 20 30 10 0 0 0 0 0 
DS2 50 10 0 14 35 25 70 10 10 30 79 49 0 
DS3 20 10 0 0 5 0 25 0 0 0 80 0 0 
DS4 55 20 0 5 15 30 15 0 10 0 0 0 45 
DS5 0 4 8 13 0 0 0 0 0 0 35 35 0 
DS6 0 0 0 9 0 0 12 0 0 0 15 0 0 
DS7 5 0 0 25 10 5 15 15 20 0 0 20 15 
DS8 6 0 0 5 10 5 30 0 2 0 0 15 21 
DS9 14 0 0 0 20 10 0 5 0 0 0 20 10 
DS10 0 0 15 15 15 45 20 0 0 0 20 20 15 
DS11 75 0 0 25 15 35 24 25 40 25 0 35 50 
DS12 90 0 45 85 80 70 20 80 0 45 0 61 80 
DS13 79 0 0 0 66 75 25 50 80 0 0 40 80 
DS14 0 0 0 0 0 0 9 0 12 0 0 0 0 
DS15 9 0 0 0 30 5 0 0 11 0 0 58 19 
DS16 29 0 0 0 45 0 10 10 40 0 0 0 50 
DS17 0 0 0 34 20 0 29 14 73 0 0 0 0 
DS18 42 0 0 0 0 0 0 9 50 0 0 15 0 
DS19 0 0 0 0 0 15 0 14 14 0 0 0 20 
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Appendix Q: Proportion of AAC explained by APC overlain on to sample risk matrix 
Proportion of AAC explained by APC overlain on to sample risk matrix (monitoring periods 1 – 26) 
TableQ.1a - Proportion of AAC explained by APC overlain on to sample risk matrix (mp 1 – 13) 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
DS1 95 0 7 0 5 43 78 0 60 100 45 30 28 
DS2 0 0 0 0 0 0 0 0 0 0 36 10 0 
DS3 0 0 0 0 0 0 1 0 0 0 0 0 15 
DS4 95 76 1 0 16 65 18 30 14 0 100 45 30 
DS5 0 0 0 0 0 0 0 0 0 0 0 0 21 
DS6 0 0 0 0 0 0 0 0 0 0 0 0 0 
DS7 55 0 0 0 0 0 0 0 0 25 11 0 22 
DS8 6 0 0 0 0 0 0 0 0 0 0 30 0 
DS9 1 0 0 0 0 0 0 0 0 28 0 11 0 
DS10 15 4 0 1 0 0 0 0 0 1 15 25 0 
DS11 9 0 9 0 4 24 27 1 10 25 24 0 16 
DS12 0 0 2 0 0 13 1 0 3 53 0 60 60 
DS13 24 0 0 0 0 5 0 0 1 0 0 34 0 
DS14 0 0 0 0 0 0 0 0 0 14 0 0 0 
DS15 0 0 0 0 0 0 0 0 0 6 0 0 0 
DS16 0 0 0 0 0 0 1 0 0 52 0 0 0 
DS17 0 0 0 0 0 0 1 0 0 0 0 0 0 
DS18 0 0 0 0 0 0 0 0 0 0 0 0 3 
DS19 0 0 0 0 0 0 0 0 0 6 0 0 0 
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Table Q.1b - Proportion of AAC explained by APC overlain on to sample risk matrix (mp 14 – 26) 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
DS1 45 0 0 10 5 20 30 10 0 0 0 0 0 
DS2 50 10 0 14 35 25 70 10 10 30 79 49 0 
DS3 20 10 0 0 5 0 25 0 0 0 80 0 0 
DS4 55 20 0 5 15 30 15 0 10 0 0 0 45 
DS5 0 4 8 13 0 0 0 0 0 0 35 35 0 
DS6 0 0 0 9 0 0 12 0 0 0 15 0 0 
DS7 5 0 0 25 10 5 15 15 20 0 0 20 15 
DS8 6 0 0 5 10 5 30 0 2 0 0 15 21 
DS9 14 0 0 0 20 10 0 5 0 0 0 20 10 
DS10 0 0 15 15 15 45 20 0 0 0 20 20 15 
DS11 75 0 0 25 15 35 24 25 40 25 0 35 50 
DS12 90 0 45 85 80 70 20 80 0 45 0 61 80 
DS13 79 0 0 0 66 75 25 50 80 0 0 40 80 
DS14 0 0 0 0 0 0 9 0 12 0 0 0 0 
DS15 9 0 0 0 30 5 0 0 11 0 0 58 19 
DS16 29 0 0 0 45 0 10 10 40 0 0 0 50 
DS17 0 0 0 34 20 0 29 14 73 0 0 0 0 
DS18 42 0 0 0 0 0 0 9 50 0 0 15 0 
DS19 0 0 0 0 0 15 0 14 14 0 0 0 20 
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Appendix R: APC at Receptors 
AAC explained by APC at receptor locations 
Table R,1a – % AAC explained by APC at receptor locations (mp 1 – 13) 
Sampling 
point 
MP 1 MP 2 MP 3 MP 4 MP 5 MP 6 MP 7 MP 8 MP 9 MP 10 MP 11 MP 12 MP 13 
Pussy 
Willows 
45 0 15 0 5 15 15 5 15 15 35 35 5 
Court 
Farm 
35 0 15 0 5 15 15 5 15 15 35 35 5 
Haydn 45 15 0 0 0 25 25 5 15 15 0 0 0 
Bishop's 
Cleeve 
5 0 0 0 0 0 0 0 0 20 0 0 0 
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Table R.1b - % AAC explained by APC at receptor locations (mp 14 – 26) 
Sampling 
point 
MP 14 MP 15 MP 16 MP 17 MP 18 MP 19 MP 20 MP 21 MP 22 MP 23 MP 24 MP 25 MP 26 
Pussy 
Willows 
55 5 0 25 35 25 55 15 25 35 65 45 25 
Court 
Farm 
55 5 0 25 35 25 55 15 25 35 55 55 25 
Haydn 0 0 5 0 15 15 15 0 25 0 0 25 35 
Bishop's 
Cleeve 
15 0 0 0 25 15 5 0 15 0 0 15 25 
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